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Chiral ligands-protected metal nanoparticles (NPs) were synthesized using a 
single-phase method or a two-step functionalization. The NPs were characterized 
using transmission electron microscopy (TEM), electron diffraction (ED), X-ray 
diffraction (XRD), Ultraviolet-visible (UV-Vis) spectroscopy, infrared spectroscopy 
(IR), thermogravimetric analysis (TGA), mass spectrometry (MS), nuclear magnetic 
resonance (NMR) spectroscopy and elemental analysis (EA). Their chiralities were 
studied using vibrational circular dichroism (VCD) computation based on density 
functional theory (DFT). 
 
Cysteine-Au NPs were prepared in a methanol/water mixture using a single-phase 
synthesis method. The cysteine molecule binds to the Au surface via its thiol and 
carboxylate groups. The metallic core exhibits a face-centered cubic (fcc) structure. 
The VCD computation results show that deprotonated L- and D-cysteine-capped Au 
NPs exhibit chirooptical activity as they show mirror image VCD spectra. After 
L-cysteine is adsorbed on the Au cluster surface, the νasCOO- band reverses its sign of 
Δε which suggests the conformational change and the interaction between COO- and 
Au. 
 
2,2′-bis(diphenylphosphino)-1,1′-binaphthalene (BINAP)-capped Au/Pd NPs were 
prepared in tetrahydrofuran using single-phase synthesis. The metallic core exhibits 
fcc structure. The BINAP molecule caps the metal core via two P atoms. VCD 
computation predicts that S- and R-BINAP-capped metal NPs show mirror image 
VCD spectra. Unlike cysteine, the BINAP after capping does not twist significantly 
and the rotation of phenyl and the reducing of the angle of binaphthalene only have 
 VII
minor influence on the VCD spectra. 
 
1,1′-bi(2-naphthol) (BINOL) and 1,1′-binaphthalene-2,2′-diamine (DABN), which are 
axial chiral molecules like BINAP, can not directly cap the metal core because of their 
weak nucleophilicity. Ester/amide coupling reactions between BINOL/DABN and 
ω-caboxylic acid-alkanthiolated NPs were adopted to introduce chirality onto 
11-mercapto-undecanoic acid-Au NPs which prepared previously using single-phase 
synthesis. The MS, IR, NMR results show the success of the indirect 
functionalization. 
 
Keywords: chiral, nanoparticle, cysteine, binaphthalene derivative, synthesis, 
vibrational circular dichroism 
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1.1.1 Metal Nanoparticles (NPs) 
 
In general sense, NPs are ultrafine particles with three dimensional sizes falling in the 
nanometer (nm) scale (1 nm–1 μm). In a narrower sense, they are particles in the 
diameter range of 1–20 nm, where their physical properties drastically differ from 
both molecular and bulk compounds.1  
 
Metal clusters have similar structure as metal complexes. In a classical sense, they are 
usually coordinated by ligands, such as Co4(CO)12 and Rh6(CO)16. These metal 
clusters still obey the elementary electronic counting rules and behave like molecules. 
Their sizes are usually less than 1 nm. However, metal NPs do not follow the exact 
stoichiometric compositions. Their sizes are usually more than 1 nm. 
 
The properties of metal NPs are different from those of the bulk for two main reasons. 
Firstly, the decreasing of particle size causes the exhibition of quantum effects. In 
bulk metals, the valence band (VB) and conduction band (CB) consisting of infinite 
number of energetically similar orbitals partially overlap. Thus, it makes the electrons 
in VB to some extent occupy the CB and move freely. These electrons are responsible 
for the electrical conductivity of bulk metals. When the metal reduces its size, the 
overlapped region of CB and VB disappears. When a band gap forms, the particle size 
reaches nanoscale. Then, quantum effects begin to dominate the behavior of NPs 
because all three directions (x, y and z) contain confined electrons. These electrons 
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show a collective oscillation by the interaction with light and exhibit surface plasmon 
resonance (SPR)2. Secondly, metal NPs have relatively larger surface areas. It results 
in higher chemical reactivity comparing to the same material at bulk size. The 
increase in the specific surface area also directly influences properties such as 
solubility and reaction rates, and affects their strength or electrical properties3. 
 
1.1.2 Monolayer-Protected Metal Nanoparticles (MPMNs) 
 
MPMNs refer to NPs having a hybrid structure as shown in Figure 1.1. They consist 
of a metal core containing dozens to thousands of metal atoms and a monolayer of 
organic ligands modifying its surface2. Various functionalities were reported to be the 
capping agent, including sulfur-containing ligands such as thiols4, xanthates5, 
disulfides6, 7, di-8 and trithiols9, and then phosphines10-12, amines13-15, citrate16, 17, 
carboxylates14, isocyanide18 or even actone19, iodine20 and polymers21.  
 
The dominant interaction between the ligand and the metal core is proposed that the 
organic ligands bind to the metal surface. For example, thiols form strong covalent 
S–Au bonds22 with Au NPs, due to its high affinity for Au. The binding mechanism 
can be verified by nuclear magnetic resonance (NMR) spectroscopy. The passivating 
process is based on the interaction of the organic ligands with the electrons of the 
metal atoms on the core surface, which induces rearrangements of their electron 
density. On successful binding, the NMR spectra of the surfactant are altered 
revealing broadened peaks, chemical shifts23 and, in the case of the thiol, the 
disappearance of RCH2S−H proton signal.24 Other interactions between the metal and 
ligands have also been studied, such as electrostatic interactions, hydrogen bonds, 
amine lone pair electrons with the metal or thioester and thiocarbonate hydrolysis.22 
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MPMNs are of considerable interest due to their potential applications in various 
fields such as bio-sensing25, catalysis26, electronics27 and optics28. Whereas the 
physical properties of MPMNs are largely associated with the metal core, their 
chemical behavior such as solubility, molecular recognition and organization, is 
determined by the protection layer. Therefore, designing of functionalized particles 
with various usages becomes feasible. 
 
1.1.3 Chirality: From Molecules to MPMNs 
 
1.1.3.1 General Chirality 
“Chirality” is a geometrical concept describing any geometric figure or group of 
points whose mirror image cannot superimpose itself.29 This definition which applies 
to any object attracts chemists’ attention when they are molecules, supramolecular 
structures or surfaces of solids. The nomenclature of chiral compounds shifts from 
L-/D- which presents the degree of optical polarity to R-/S- which has direct 
connection to the name. However, these two systems have no definite relationship. 
The exact origin of homochirality is one of the great, unanswered questions in 
evolutionary science. 30, 31 
 
Chirality of organic molecules could arise from possessing chiral carbon atoms 
(attached to four different groups) except those having symmetry elements for the 
whole structure, such as mestotataric acid. Or it could be caused by the overall chiral 
arrangement without any chiral carbon. This situation can be classified into three 
categories, as shown in Figure 1.2, (A) axial chirality arising from the steric hindrance 
between two planes, such as 1,1′-bi-2-naphthol; (B) planar chirality if the substituted 
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plane is bridged by a linker extended to a plane above or below it, such as 
4-substituted[2.2]paracyclophanes and; (C) helical chirality, when molecules exist in 
enantiomeric forms, such as helicenes. 
 
Chirality of inorganic molecules can either come from the chiral center, or from the 
overall molecular structure. The former has examples of sp3 atoms (Si, P, N and S) 
attaching four different groups. While the latter are supported by some metal 
complexes, such as 2+3[Ru(2,2'-bipyridine) ] ,
3
3[Co(en) ]
+  (en=ethylenediamine), shown 
in Figure 1.3, which are optically active arising from the chiral arrangement of the 
chelate rings. 
 
1.1.3.2 Origin of Chirality for Extended Two-Dimensional (2-D) Metal 
Surfaces 
 
Although the crystal structures of metals are highly symmetric, metal surfaces can be 
chiral and are considered for use as heterogeneous enantioselective catalysts33, 34. 
Generally, there are three possible origins for chiral metal surfaces. 
 
The first one is intrinsically chiral, which is presented by some high Miller index 
surfaces of metals, for example, Ag(643)32, Cu(532)33 shown in Figure 1.4. The two 
steps constituting the kink site are of unequal length (one has two atoms and the other 
has three atoms) thus, making the kink site non-superimposable on its mirror image 
when it is rotated without leaving (111), i.e., the kink site is chiral. Such surfaces have 
been reported to interact unequally with enantiomers of a chiral compound.32, 34-36 
 
Another type of chirality is induced through adsorption and long-range ordering on 
achiral metal surfaces, such as adsorbing tartaric acid on Cu(110),37 as shown in 
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Figure 1.5. The adsorbate’s 2-D order destroys the existing symmetry elements of the 
underlying metal surfaces. One noteworthy aspect is that in this case the chirality 
comes from the chiral ordering of molecules, i.e., even if the adsorbate itself is not 
chiral, it will result in racemic domain with opposite chirality on the metal surface, 
such as adsorbing achiral molecule succinic acid on Cu(110)38, as shown in Figure 
1.6. 
 
Finally, the chirality of the originally achiral metal surface comes from the “chiral 
footprint” created by the chiral adsorbates.39-43 In this case, the chiral adsorbates 
slightly distort the metal surface atoms involved in the adsorbate complex, thus cause 
a chiral arrangement, as shown in Figure 1.7. 
 
1.1.3.3 Origin of Chirality for MPMNs 
Recently, the use of chiral ligands to modify NPs has attracted great attention of 
chemists for their applications in chiral catalysis44 and separation45, functional 
self-assembly46, biosensing47 and optical devices48. 
 
Many evidences show that metal NPs protected with chiral molecule present optical 
properties49-51. MPMNs, although of a much smaller dimension, can be viewed as the 
nanometer-sized analogue of self-assembled monolayers on extended 2-D metal 
surfaces. Thus, the chirality of MPMNs’ are explained similarly to that of the flat 
metal surfaces.41 
 
The first is “intrinsic chirality”- the asymmetrical construction of the metal atoms in 
the core causes the chirality of the NPs. This presumption was unequivocally proved 
Chapter 1  
 6
by the work of Jadzinsky et al.52 Nanoparticle Au102 caped by 44 achiral ligands, 
p-mercaptobenzoic acid, were prepared and resolved by high-resolution X-ray 
diffraction (HR-XRD). Viewing down the 5-fold axis, (Figure 1.8B), the overall 
symmetry of the structure was proved to be chiral. The case of Ag-D/L-penicillamine 
NPs reported by Nishida et al.53 shows that vicinal effect of asymmetric ligand field 
should be the universal origin for the chirooptical activity of the NPs, but its steep 
increase in chirality for NPs smaller than 1.5 nm might be attributed to the additional 
contribution from chirally constructed Ag core. This finding shows that smaller NPs 
prefer asymmetric structures while larger NPs are dominated by symmetric structures. 
In another related report of the same group,54 the larger chirooptical activity of 
Ag-penicillamine compared to that of the Au-penicillamine NPs with comparable size 
were attributed to both a more facile core rearrangement and a stronger ligand effect 
for less electronegative Ag. 
 
An alternative mechanism, “chiral footprint”, attributes the chiral signatures of 
chiral-monolayer protected NPs to chiral ligand-induced distortion of atoms on metal 
surfaces55, 56 , perturbations of the electronic states of the core57 or both. The distortion 
mechanism is supported by the evidence of circular dichroism (CD)55 and vibrational 
circular dichroism (VCD)56 with the fact that the ligands which cause the distortion 
usually have multiple binding sites, such as carboxylic group interaction in addition to 
thiol binding. The perturbation of electronic states mechanism is based on the 
theoretical modeling57. It postulated that the chirooptical activity of the 
chiral-molecule monolayer protected NPs could arise from the symmetric metal cores 
perturbed by asymmetric field from the chiral ligand. The distortion of lattice 
geometries of these cores caused by the chiral adsorbates may not be necessary. 
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1.2 Synthesis of Chirally Modified Metal NPs 
 
Chirooptical active metal NPs can be prepared using top-down (physical) methods, 
e.g., grinding metal into fine particles. However, a bottom-up (chemical) approach is 
cheaper and gives the possibility to prepare very small NPs. To obtain monodisperse 
metal NPs, they must be inhibited from coagulating randomly into bulk metal. 
Generally, five methods have been developed in the synthesis of MPMNs: 
electrochemical reduction; chemical reduction of metal salts; ligand reduction and 
displacement from metal complexes; metal vapor synthesis and thermal, 
photochemical or sonochemical decomposition. Among all these methods, the most 
commonly used chemical approach to synthesize chiral metal NPs is generally the 
chemical reduction of metal salts in solution. Metal NPs could be chirally 
functionalized directly through single-/biphasic synthesis or functionalized indirectly 
through ligand place-exchange or modifying the achiral ligand shell.  
 
1.2.1 Brust-Schiffrin Method: Two-Phase Synthesis 
 
In 1994, Brust and Schiffrin published a procedure to synthesize Au NPs in a 
water-toluene two-phase mixture.4  In their method, the precursor tetrachloroauric 
acid (HAuCl4) was transferred from the aqueous phase to toluene phase, which 
contained the capping agent dodecanethiol, using the phase transfer reagent 
tetraoctylammonium bromide (TOABr, Figure 1.9) and then reduced by sodium 
borohydride (NaBH4, Figure 1.10). The NPs were in the size range of 1–3 nm, with a 
maximum in the distribution at 2.0–2.5 nm. High-resolution transmission electron 
microscopy (HR-TEM) revealed the particle shapes with a preponderance of 
cuboctahedral and icosahedral structures. Larger thiol/Au mole ratios gave smaller 
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average core sizes; faster reductant addition and cooler solutions produced smaller, 
more monodispersed particles. Higher abundance of small core sizes (≤ 2 nm) could 
be obtained by quenching the reaction immediately following reduction or by using 
sterically bulky ligands.58-62 Besides dodecanthiol, various ligands were reported 
being able to stabilize the metallic nanoparticle cores. Some of the them are 
sulfur-containing ligands, such as xanthates5, disulfides6, 7, 63, 64, di-8 and tri-thiols9, 
and resorcinarene tetrathiols65. Some of them cap the NPs via other atoms, such as 
phosphine10-12 and amine13-15. The chirally modified metal NPs can be synthesized 
when chiral ligands are used as the surface modifier. 
 
1.2.2 Single-Phase Synthesis: Without Phase Transfer Reagent 
 
If a solvent or mixture of solvents can be found to dissolve all the reactants, the NPs 
can be synthesized in the same phase without using TOABr. Two different 
single-phase syntheses of NPs that avoid using phase transfer reagent have been 
reported.66, 67 One route is reducing the AuCl4- using NaBH4 in the presence of the 
capping ligand in water-methanol68/ethanol69 mixture. Originally demonstrated with 
the example of 4-mercaptophenol by Brust et al.66 in 1995, this method has since been 
used to prepare NPs with various of hydrosoluble ligands, such as 
4-hydroxythiophenol60, tiopronin70, etc. The other was reported by Yee et al.67 in 1999, 
in which tetrahydrofuran (THF) was used as the solvent and therefore opens an 
avenue to the synthesis of liposoluble ligands protected NPs in single-phase. As 
NaBH4 was not soluble in THF, lithium triethylborohydride (Li(C2H5)3BH), also 
called Super Hydride, was employed. However, Super Hydride was so strong that it 
could reduce amides, esters, and other potentially desirable ligand functional groups.71 
A solution to this problem was replacing Li(C2H5)3BH by a milder reducing agent 
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lithium borohydride (LiBH4) which made those desirable functional groups survive.72 
 
1.2.3 Ligand Place-Exchange Reactions 
 
Before the publication of the Brust-Schiffrin method, the possibility of stabilizing Au 
NPs using alkanethiols was firstly reported by Mulvaney and Giersig in 1993.73 In 
their method, Au NPs were firstly prepared by citrate reduction of HAuCl4 16, 17 in 
which citrate served as both reducing agent and stabilizer. Then, the citrate-Au NPs 
solution was mixed with C8-, C12- or C18- thiols to exchange the stabilizers. The thiols 
or functional thiols on Brust-type NPs, either synthesized using single- or two-phase 
methods, can also be replaced by various other kinds of functional thiols. Murray et al. 
reported the study of the place-exchange of existing thiols on Au NP surfaces by 
various functional thiols74 in 1999, as shown in Figure 1.11. The mechanism of the 
ligand exchange is an associative reaction in which the leaving thiolate is converted to 
thiol but not oxidized sulfur species. The exchange reaction rates decrease with the 
increase of the chain length of the protecting ligand and/or the increase of the steric 
bulk of the incoming thiols. The ligands on the vertexes, edges are easier to be 
replaced than those on the terrace sites. 62, 74, 75 
 
1.2.4 Modification of ω-Functional Groups on The Ligand of NPs 
 
The chiral ligands can be introduced by reactions between the chiral molecules and 
functionalized metal NPs. In 1998, Murray et al. reported the nucleophilic 
substitution76, amide and ester coupling reactions77 on ω-functionalized Au clusters.  
 
The nucleophilic reactions were carried out between ω-bromoalkanethiolate- 
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functionalized Au NPs and primary amines, as shown in Figure 1.12. They follow SN2 
mechanism and the substitution rates depend on the sterically bulky level of the 
incoming nucleophile (rates of n-propylamine > isopropylamine > tert-butylamine) 
and the relative length of ω-bromoalkanethiolate chains and the surrounding 
alkanethiolate chains (rates of C12:C12Br > C12:C8Br > C12:C3Br).  
 
The amide or ester coupling reactions can be applied between carboxylic 
acid-terminated Au NPs with amine/alcohol (either aromatic or aliphatic) or between 
the amino-/oxyl- terminated Au NPs with carboxylic acids77. The coupling is a 
one-pot reaction following the methods of McCafferty et al.78. Briefly, the carboxylic 
acid groups were deprotonated using base N-methylmorpholine (NMM) followed by 
addition of catalysts (benzotriazol-1-yloxy)tris(dimethylamino)phosphonium 
hexafluorophosphate (BOP)/4-(dimethylamino)pyridine (DMAP) and nucleophile 
amine/alcohol in the presence of dehydrating agent 1-hydroxybenzotriazole (HOBt). 
 
1.2.5 Comparison of The Synthesis Methods 
 
The two-phase method has impacted greatly on the whole field for more than one 
decade since published, because it was the initial report providing the easy synthesis 
of thermally and air-stable Au NPs of reduced dispersity and controlled size. These 
Au NPs can be isolated and dispersed repeatedly in organic solvents without 
irreversible agglomeration or precipitation, and they can be easily reacted with or 
functionalized as commonly used chemical compounds. It solved the problem of 
unmixablility of hydrophilic Au precursor and hydrophobic organic ligands by using 
the phase transfer reagent TOABr. However, a shortcoming, reported by Waters and 
Schiffrin79, is the persistent contamination of the NPs with residual TOABr. Such 
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contamination will be problematic because it complicates characterization of the NPs. 
Eliminating trace impurities is critical to ensure that all the analysis signals are from 
the stabilizer binding to the surface of NPs. Thus the two-phase synthesis method was 
not used in this work. 
 
Single-phase syntheses allow the stabilization of NPs by a broad range of ligands. 
They are convenient to prepare in gram quantities with small size distributions. 
Comparing with the two-phase synthesis, the noticeable advantage of single-phase 
synthesis is that it avoids using phase transfer reagent TOABr. The absence of the 
ionic contamination will give purer nanoparticle products which will facilitate their 
structural characterization. Thus, depending on the concrete ligand used, both of the 
two single-phase syntheses were adopted in the study. 
 
Ligand place-exchange reactions were applied when the ligands have the ability to 
cap the NPs but are incompatible with the reducing agent. However, it will greatly 
reduce the percentage of chiral ligands in all the surfactants on the surface of the 
NPs75, 77 compared with those prepared using single-, biphasic synthesis methods. The 
particle size distribution of NPs will usually be modified after ligand exchange 
reaction80, 81. 
 
If the chiral compounds do not possess capping ability, none of the above methods are 
applicable. Chirality could be introduced via reactions between the chiral molecule 
and achiral ω-functionalized metal NPs prepared previously. Unlike ligand 
place-exchange reactions, the particle size remains unchanged after ω-functional 
group reactions. 
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1.3 VCD Studies of Chirally Modified Metal NPs 
 
1.3.1 Fundamentals of VCD 
Chirality can be studied using the vibrational optical activity (VOA) of molecules. 
VOA is the differential response of a molecule to left circularly polarized (LCP) 
versus right circularly polarized (RCP) radiation during a vibrational transition.82-84 
The infrared (IR) form of VOA is known as VCD, while its Raman form is known as 
Raman optical activity (ROA). VCD is zero unless the sample possesses molecular 
chirality, either through its constituent chiral molecules or through a chiral spatial 
arrangement of chiral or achiral molecules. The VCD spectra are expressed, from the 
point of view of measurement, as the differences in the absorbances (ΔA) of LCP 
minus RCP light:  
L R( ) ( ) ( )A v A v A vΔ = −  (1-01) 
Where v is the wavenumber (cm-1). Alternatively, the absorption coefficient difference 
was derived from eliminating the effects of path length l and concentration C:  
L R
( )( ) ( ) ( )A vv v v
lC
ε ε εΔΔ = = −  (1-02) 
 
1.3.2 Advantages of VCD 
 
VCD has significant advantages over other methods for determining absolute 
configurations of molecules. NMR and mass spectrometry (MS) are inherently not 
sensitive to chirality. Although they could be made sensitive by using chiral additives 
to form diastereomeric complexes (which shift some of the resonances for the two 
enantiomers in opposite directions), they offer limited or no information about the 
absolute configuration. X-ray diffraction (XRD) requires a single crystal sample of 
the pure enantiomer. Chiral chromatography is used for separating the enantiomers 
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and determining their enantiomeric purity. But it gives little information about the 
three-dimensional (3-D) structure of the species. Optical rotation (OR) and electronic 
circular dichroism (CD or ECD), in contrast to the above methods, are inherently 
sensitive to chirality and can be used to determine 3-D structures. However, these two 
methods originate from the transitions between ground and excited electronic states 
which, to a certain extent, give them some limitations. OR and ECD combining with 
chromatography can be used as a chirality detection technique. Comparing with the 
above methods, VCD has better understanding, ease in obtaining the final results, 
improved accuracy and inherently sensitivity to chirality. VCD and ROA are both 
chirally sensitive and have similar differences and advantages to IR and Raman 
spectroscopy. As shown in Figure 1.14, ROA has four distinct forms84 including 
incident circular polarization (ICP) ROA, scattered circular polarization (SCP) ROA, 
in-phase and out-of-phase dual circular polarization (DCPI and DCPII) ROA. 
Compare with ROA, VCD is simpler because it has only one form that involves the 
differential response of a molecule undergoing a one-photon transition. Further, both 
the instrumentation for the measurement of VCD and the software for the VCD 
computation are commercially available now, thus VCD is much more accessible than 
ROA. 
 
1.3.3 Computation Methodology 
 
Predicting the optical activity of the chiral ligands and these chiral ligands-capped 
NPs requires the calculation of (i) the energetically most stable geometric structure of 
the compound (ii) the IR spectrum to assign the peaks to specific vibration modes as 
well as (iii) their VCD to predict the optical activity.  
 
Chapter 1  
 14
1.3.3.1 Geometry Optimization 
Geometry optimization begins with the molecular conformation specified as its input, 
and completes when it locates at a stationary point on the potential energy surface 
(PES), i.e., the local minima, global minima and saddle points where the gradient 
(negative of the forces) is zero.85 The calculations for energy minimization are carried 
out at density functional theory86 (DFT) level, with the hybrid B3LYP functional and 
basis set 6-31G(d) as minimal for VCD87. For hydrogen-bonded systems and systems 
where electrons are relatively far from nucleus, additional polarization and diffuse 
functions (eg. 6-31G(d,p), 6-31++G(d,p), etc.) may be required.88-90 Calculations at 
the Hartree-Fock (HF) level are often faster than at DFT level, however, the 
agreement with experiments is usually not satisfactory for VCD, and HF calculations 
are not recommended as a general, high-reliability approach. For molecules 
containing closed-shell metal ions, a double-ζ set with effective core potentials for the 
metal have been proved to be satisfactory.91, 92 
 
1.3.3.2 Frequency Calculations (Predicting IR and VCD Spectra) 
Geometry optimization ignores the vibrations and idealizes the nuclear position. But, 
the nuclei in molecules are constantly in motion. The vibrations are predictable, thus 
molecules can be identified by their characteristic spectra, such as IR, VCD and 
Raman spectra.  
 
IR absorption intensity is proportional to the dipole strength D, expressed as the 
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gΨ  and 1agΨ are the ground and first excited vibrational states of normal mode a, in 
the ground electronic state g, at angular frequency 2a acω πν= , whereν is the 
vibrational frequency in wavenumbers, ˆrμ is the electric dipole moment operator. In 
the harmonic approximation, D is proportional to the square of the derivative of the 
electric dipole moment μr with respect to the normal coordinate Qa which is the 
nuclear displacement in the normal mode a, as shown in second part of Equation 1-03. 
 
VCD intensity is proportional to the rotational strength R, expressed as the scalar 
product of electric and magnetic dipole transition moments in Equation 1-04.93 mˆ  is 
the magnetic dipole moment operator. In the harmonic approximation, R is 
proportional to the scalar product between the derivative of the electric dipole 
moment of the molecule μr with respect to normal mode coordinate Qa and the 
derivative of the magnetic dipole moment m with respect to the conjugate momentum 
Pa which is the nuclear velocities of the normal mode a: 
 
 (1-04) 
Seen from Equations 1-03 and 1-04, nonzero IR intensity requires linear oscillations 
of charge while nonzero VCD intensity arises from simultaneous linear (electric) and 
angular (magnetic) oscillation of charge, produced by the nuclear motion. Quantum 
chemistry programs calculate these intensities by taking derivatives of the energy of 
the molecule with respect to electric field E or magnetic field H and vibrational 
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After geometry optimization, coupled perturbed Hartree-Fock (CPHF)94 method is 
utilized to solve the Equations 1-05 and 1-06.  
 
The output of the calculations consists of the optimized geometry, vibrational 
frequencies, nuclear displacements in each normal mode, and the dipole and rotational 
strengths for each mode. The latter are proportional to the integrated IR and VCD 
intensities by assuming Lorentzian band shapes and selecting a band width 
corresponding to the average experimental values, a calculated spectrum can be 
obtained for comparison to experiment from the relationships, as shown in Equations 
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− Δ≈ × Δ  (1-08) 
where ε0 and Δε0 are the max intensities of the IR and VCD bands respectively. In 
molar absorptivity units, Δ is the half width at half maximum (HWHM) intensity for 
the normal mode at ν0, and D and R are in units of esu2cm2. The calculated spectrum 
is then obtained from: 
( ) ( ) ( )
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where N is the number of atoms in the molecule. For best comparison to experiment, 
the calculated frequencies are uniformly scaled depending on the theory and 
functional used. Finally output is converted into the corresponding calculated 
Lorentzian band-shape spectrum. 
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1.4 Scope of Work 
 
Endowing chirality to NPs has attracted great attention of scientists. In this work, 
metal NPs were chirally functionalized using single-phase synthesis or an indirect 
approach (ω-functional group reaction). The resulting particles were characterized 
using transmission electron microscopy (TEM), electron diffraction (ED), powder 
XRD, ultraviolet-visible (UV-Vis) spectroscopy, NMR, MS, thermogravimetric 
analysis (TGA), Fourier transform infrared spectroscopy (FT-IR) and elemental 
analysis (EA). Their optical properties were predicted via VCD computation. The 
synthesis detail and characterization method will be introduced in Chapter 2, the 
experimental section. L-Cysteine, binaphthalene derivatives such as 
2,2′-bis(diphenylphosphino)-1,1′-binaphthyl [BINAP] , 1,1′-Bi(2-naphthol) [BINOL] , 
1,1′-binaphthalene- 2,2′-diamine [DABN] , were chosen as the chiral ligands for 
comparison. The chosen of solvent and functionalization method (i.e., direct/indirect) 
depends on the solubility and capping ability of the chiral molecules. The results will 
be presented in Chapter 3, 4 and 5. 
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Figure 1.4  Geometry of an fcc (532). Different side length of the kink site makes 
it has two possible orientations. 33 
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Figure 1.7  Schematic models to demonstrate the local distortion of Nickel atoms 
on Ni(110) surface by adsorbate bitartrate.43 
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Figure 1.8  (A) Packing of Au atoms in Au102 nanoparticle (B) View down the 
5-fold axis of the two enantiomeric particles. Only Au atoms (in yellow) and sulfur of 

















Figure 1.10  Synthesis of Au NPs coated with organic shells by reduction of Au(III) 
























R = Br, CN, vinyl, Ph, ferrocenyl, OH, CO2H, CO2CH3, anthraquinone 
Figure 1.11  Ligand place-exchange reactions between thiol-stabilized Au NPs of 
the Brust type and various functionalized thiols. 
 






















R = alkyl groups  































Figure 1.13  The amide coupling reactions between –COOH-terminated Au NPs 
and amine derivatives. 
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Figure 1.14  Energy-level diagram for VCD and four forms of ROA.84
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Chapter 2 Experimental 
 




Hydrogen tetrachloroaurate (III) trihydrate (99.99%), sodium tetrachloroaurate (III) 
trihydrate (99.5%), L-Cysteine hydrochloride monohydrate (99%), sodium 
borohydride (98%), (±)-1,1′-bi(2-naphthol) (99%) [BINOL], 
(S)-(-)-1,1′-bi(2-naphthol) (99%)[S-BINOL] , 
(benzotriazol-1-yloxy)tris(dimethylamino) phosphonium hexafluorophosphate (98%) 
[BOP] , 4-methylmorpholine (99%) [NMM] were purchased from Alfa Aesar. 
Lithium borohydride (THF solution; 2 mol/L), 
(±)-2,2′-bis(diphenylphosphino)-1,1′-binaphthalene (97%) [BINAP] , 
(±)-1,1′-binaphthalene-2,2′-diamine (99%) [DABN] , 
(S)-(-)-1,1′-binaphthalene-2,2′-diamine (99%) [S-DABN], 11-mercapto-undecanoic 
acid (95%) [MUA] , were purchased from Aldrich.  
(S)-(-)-2,2′-Bis(diphenylphosphino)-1,1′-binaphthalene (97%) [S-BINAP], 
4-(dimethylamino) pyridine ( ≥ 99%) [DMAP]  were purchased from Fluka.  
 
All the commercially available chemicals were used without further purification. 
Methanol, ethanol, tetrahydrofuran (THF), cyclohexane, dimethylformamide (DMF), 
acetonitrile, dichloromethane (DCM), hydrochloric acid and other reagents used were 





2.1.2 Synthesis of L-Cysteine/MUA-Capped Au NPs 
 
2.1.2.1 Reduction of HAuCl4 
Single-phase synthesis1 was used in the preparation of L-Cysteine/MUA-capped Au 
NPs. Briefly, to prepare NPs including 50 mg of Au, 0.0902 g of L-Cysteine/0.2330 g 
of MUA, dissolved in 30 ml of methanol, was loaded into a 100-ml-three-neck- 
round-bottom flask in ice-water bath. 3.91 ml of 65 mmol/L HAuCl4 aqueous solution 
(0.2542 mmol) was introduced to the flask under stirring. The solution became cloudy 
gradually after 1 min. 6.08 ml of freshly prepared 1.0 mol/L NaBH4 icy aqueous 
solution (6.0800 mmol) was added dropwise into the flask under vigorous stirring 
using a 10-mL-syringe at the rate of 1 drop every 2 seconds (~1.3 ml/min) when the 
solution started to become cloudy. The mixture solution was stirred for further 45 min 
to complete the reduction. 
 
2.1.2.2 Purification 
After reduction, 30 ml of ethanol was added into the system to precipitate the NPs. 
The dark purple precipitate was separated from the mixture by centrifugation at a 
speed of ~1500 rpm for 4 min. Then it was thoroughly washed using water-ethanol 
(volume ratio 1:4) mixture followed by pure ethanol under ultrasonic. The raw 
product was dried in vacuum. The dry nanoparticle powder was then dissolved in 20 
ml of water and dialyzed in the environment of 500 ml of Millipore water using 
dialysis cellulose membrane (molecular weight cut off = 124,000). The dialysis was 
monitored every 30 min using an electrical conductivity meter until it was finished 
when the conductivity of the environmental water was almost stable. The water was 




2.1.2.3 Drying Procedure 
The NPs obtained after purification were in their alkaline forms. Au-L-Cysteine NPs 
was dried using lyophilization directly after purification while MUA-Au NPs needed 
to be acidified before drying, thus allowing further coupling reaction with BINOL or 
DABN. 
Freeze-Drying (Lyophilization) of Au-L-Cysteine NPs 
After dialysis, the solution was concentrated to 5 ml and immersed in liquid nitrogen 
while being gently spun. Then the frozen sample was dried under reduced pressure 
using a rotary pump linked to a dry ice-acetone trap. A very loose fine powder sample 
was obtained after 3–5 h. For further drying, the fine powder was pumped directly for 
longer time. 
Acidification and Drying of MUA-Au NPs 
The sample solution was then dialyzed against aqueous hydrochloric acid solution 
(pH = 4) for about 1 h, which converted the capping sodium undecanate molecule into 
carboxylic acid form. Dark purple precipitate was observed during the process 
because the acidified Au NPs were not soluble in water. The MUA-Au NPs were 
collected using centrifugation at 1500 rpm for 4 min and then dried under vacuum. 
 
2.1.3 Synthesis of Binaphthalene Derivative-Capped Au/Pd NPs  
 
2.1.3.1 Reduction of NaAuCl4/ Na2PdCl4 
Single-phase methods1, 2 were adopted in the preparation of Au/Pd NPs using ligands 
of BINAP/DABN in THF or BINOL in water-methanol mixture. The whole reaction 
was carried out under the protection of nitrogen. To prepare binaphthalene 
derivative-capped Au/Pd NPs including 50 mg of Au/27 mg of Pd, 1 equivalent of 
NaAuCl4/ Na2PdCl4 THF (for BINAP/DABN)/aqueous (for BINOL) solution was 
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mixed with 2 equivalent of ligand in 30 ml THF (for BINAP/DABN)/methanol (for 
BINOL) at room temperature. Under vigorous stirring, the mixture became cloudy 
after 30 s. Then 24 equivalent of 2 mol/L LiBH4 (THF solution) or NaBH4 (aq.) was 
introduced using a 5-ml-syringe under vigorous stirring at the rate of 1 drop/ 4 s. The 
solution was stirred for further 45 min to complete the reduction. 
 
2.1.3.2 Purification and Drying 
The preparation using DABN/BINOL as the ligand failed to obtain the NPs solutions 
as the particles aggregated. Only BINAP-capped Au/Pd NPs were obtained and 
purified. The solvent THF was removed in vacuum. The raw product of 
BINAP-Au/Pd NPs was thoroughly washed by water and followed by cyclohexane 
using ultrasonicating-centrifuging method. A drying of the sample was done before 
changing the washing solvent into cyclohexane. The powder of NPs was obtained 
after drying the sample under vacuum. 
 
2.1.4 Chiral Functionalization of MUA-Capped Au NPs 
 
2.1.4.1 Ester/Amide Coupling Reaction 
Coupling BINOL/DABN to MUA-Au NPs were performed in the manner of 
McCafferty et al3. In a typical reaction, 25 mg of MUA-Au NPs (ca. 0.0473 mmol 
carboxylic acid group) with 5 equivalent (relative to the mol of –COOH on MUA-Au 
NPs) of DMAP (0.0292 g), NMM (26 μL) and 10 equivalent of BOP (0.2135 g), 
dissolved by 12.5 mL of redistilled DMF (2 mg of NPs in 1 mL of solvent), was 
loaded into a 100-mL-round-bottom-flask in an ice-water bath. The solution was 
stirred vigorously in ice-water bath for 10 min and a further 5 min in room 
temperature. After the reaction was initiated, 1.1 equivalent of (actually 2.2 equivalent 
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of –OH/ –NH2 groups) BINOL/ DABN (0.0150 g/0.0149 g) was added to the reaction 
mixture. After the addition, the round bottom flask was covered and sealed to avoid 
entering of moist. The solution was stirred at room temperature for 15 h.  
 
2.1.4.2 Purification and Drying 
The DMF solvent was removed under vacuum and the coupled 
BINOL/DABN-MUA-Au NPs was washed thoroughly with 3×10 mL of acetonitrile 
under ultrasonic and separated by centrifuge at a speed of 1500 rpm for 4 min. The 




The characterization of the chirally modified metal NPs includes the metallic core, 
surface modifier, composition and chirality. Transmission electron microscopy (TEM), 
powder X-ray diffraction (XRD) and electron diffraction (ED) are used to determine 
the metal core dimensions, lattice symmetry and mean number of metal atoms in the 
core. Elemental analysis (EA) and thermogravimetric analysis (TGA) give the 
metal/ligand ratio which is the crucial information in the further functionalization. 
UV-Visible (UV-Vis) spectroscopy, Fourier transform infrared (FT-IR) spectroscopy, 
nuclear magnetic resonance (NMR) spectroscopy and mass spectrometry (MS) 
provide the identification of not only the ligands but also the formation and purity of 
the NPs. The chirooptical property of the NPs is characterized by Fourier transform 
vibrational circular dichroism (FT-VCD). 
 





TEM is a microscopy technique. After an electron beam transmitting through an ultra 
thin specimen, it is magnified and focused by a group of objective lenses to form an 
image of the sample on the fluorescent screen. Among the techniques commonly used, 
TEM has vantage in the characterization of particle size, shape and distribution of the 
metal nanoclusters since it gives an immediate visualization of the specimen. The high 
electron optical density of transition metal nanoclusters, especially those heavy 
(precious) metals, gives high contrast when the particles are dispersed on the 
microgrid coated by a thin layer of carbon. The mean diameter (D) of the metal cores, 
which can be obtained from the image, allows determination of the average number of 
Au atoms4, NM, in the cores using Equation 2-01: 





where VM  is the volume of the metal atom, which can be calculated using: 
atomic volume = molar mass/(density x Avogadro's number) 
VAu = 16.9 Å3; VPd = 14.7 Å3. 5   
 
The recent improvement to a high-voltage electron beam technique improves the 
resolution of TEM to Angstrom (atomic resolution) level. A high resolution TEM 
(HR-TEM) can provide an image of nanoclusters having sufficient clearance to 
analyzing the lattice structure. The d-spacing can be measured directly form the image, 
and the lattice constant, which is the attribute of metal crystalline can be deduced. It 
must be noticed that an HR-TEM image of a single nanoparticle cannot represent the 





2.2.1.2 Instrument and Sample Preparation 
TEM images were obtained using a JEOL 3010 high resolution transmission electron 
microscope operated at 300 kV accelerating voltage with different magnification to 
get general view and details of the NPs. The core dimension, size distributions and 
core structure were estimated manually by measuring from the photo images. Sample 
preparation of colloidal dispersion of metallic NPs for TEM analysis is usually a 
simple procedure, involving the evaporation of one small drop of suitably diluted 
suspension onto a copper-grid. The copper grid was prepared by adhering 
FORMVAR6 (polyvinyl formal) film on its surface followed by carbon coating. To 
obtain a good contrast, the carbon coating must be thin enough and the microgrid 
must have proper number of meshes since the increase in the number of meshes 
causes the increase in the number of grids and therefore, the decrease in the 
transparent space, as shown in Figure 2.1. In this work, copper grid with 3.05 mm in 
diameter and 200 meshes was chosen to be the specimen supporter. 
 
2.2.2 Powder X-Ray Diffraction (XRD) 
 
2.2.2.1 Introduction 
Powder XRD techniques are used to identify a sample of a solid substance by 
comparison of the positions of the diffraction lines and their intensities with a large 
data bank (The powder diffraction file, which is maintained by the Joint Committee 
on Powder Diffraction Standards). The technique is also used for the initial 
determination of the dimensions and symmetries of unit cells. X-rays, which are 
electromagnetic radiation with wavelengths of about 50–250 pm, may be produced by 
bombarding a metal with high-energy electrons. X-ray diffraction by crystals results 
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from a scattering process in which the x-rays are scattered by the electrons of the 
atoms without change in wavelength. A diffracted beam is produced by such 
scattering only when certain geometrical conditions are satisfied. 
 
The Bragg’s explanation of X-ray diffraction effects, as shown in Figure 2.2, is 
analogizing the diffraction in terms of “reflection”. In the model of which, the 
glancing angle is half of the diffraction angle. The constructive interference only 
occurs when it satisfies Bragg’s law7 (Equation 2-02): 
2 sinn dλ θ=  (2-02)
where λ is the wavelength of X-rays, θ is the angle between the incident beam and 
crystal planes; d is the interplanar spacing for the particular set of planes responsible 
for diffracting the beam.  
 
The earliest approach of the XRD analysis, which was proposed by Max von Laue, 
consisted of passing a broad-band beam of X-rays into a single crystal to insure some 
of the wavelengths satisfying Bragg’s law, and recording the diffraction pattern 
photographically. An alternative technique to Laue’s was powder X-ray diffraction, 
which is devised independently by Albert Hull8, 9 and Peter Debye and Paul Scherrer10, 
11. In Debye-Scherrer method, a monochromatic radiation is used as the X-ray source, 
because unlike single crystal, at least some of the crystallites in the powdered sample 
will be suitable orientated to satisfy the Bragg’s law for each set of lattice planes (hkl). 
The same set of planes (hkl) that having the same glancing angle θ  but in different 
orientated microcrystallites give diffracted rays that lie on a cone. The full powder 
diffraction pattern is formed by cones corresponding to reflections from all the sets of 




Powder XRD is a good approach to analyze NPs because of (1) the small amount of 
sample powder required, (2) the practically complete coverage of all the reflections 
produced, and (3) the needless of single crystal preparation, thus relative simplicity of 
the apparatus and technique. On assumption that the peak shape is dominated by size 
effects, the average particle size can be estimated using the Scherrer formula12 
(Equation 2-03): 
0cos
kL λβ θ〈 〉 =  (2-03)
where L〈 〉  is the average diameter of particle (Å), k is the shape coefficient for the 
reciprocal lattice point (k = 113 for cubic shape crystallites), β is the diffraction width 
(radians, the simplest approach of β is full width at half maximum (FWHM)), 0θ  is 
the Bragg angle. The β parameter was corrected for the instrumental broadening using 
the following Equation 2-04: 
2 2
exp instβ β β= −  (2-04)
Where βexp is the measured broadening and βinst is the broadening due to the 
instrument. In this work a bulk Au foil with thickness 0.25mm was used as the 
reference to correct the instrumental broadening effect. The experimental values of 
FWHM were estimated with Lorentzian fitting method. 
 
In a modern X-ray diffractometer, the sample is spread on a flat plate and the 
diffraction pattern, together with the intensities of the reflections, is monitored 
electronically, which is illustrated in Figure 2.4. The source, sample and receiving slit 
lie on the “focusing circle”, which has a radius dependent on θ. Coherently scattered 
X-rays from a flat sample and then converge on a receiving slit located in front of the 
detector. The detector rotates about the goniometer axis through twice the angular 
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rotation of the sample.  
 
2.2.2.2 Instrument  
In this work, all the XRD measurements were carried out on a Siemens D5005 
diffractometer with CuKα radiation ( λ = 1.5418 Å), operated in the 25–95˚ of 
2θ range. 
 
2.2.3 Electron Diffraction (ED) 
 
2.2.3.1 Introduction 
ED is commonly used to study the lattice structure of a material. Similar to XRD, ED 
is also a diffraction technique except that the incident beam is a beam of electrons, as 
illustrated in Figure 2.5. The well-known Bragg’s Law also applies, when 
2 sind nθ λ= . Ignoring the system of lenses, we can only consider the much simpler 
ray diagram as shown in Figure 2.6. For small angles of diffraction, where sinθ θ= , 
when the camera length is L, we have 2r
L
θ= . If only n = 1 is considered, combining 




Now, we know that λ is the wavelength of electron beam (0.25 Å); r, the radius of the 
ring which can be measured directly from ED patterns; L is the camera length which 
can be obtained from equipment parameter, and thus the d-spacing of diffracting 
planes can be calculated using Equation 2-05. Comparing with the literature value of 
d-spacing for a certain structured metal crystal which is calculated according to the 





A sample of NPs for ED analysis contains many randomly oriented crystals, similar to 
XRD powder sample, the spots tend to continuously fall on rings of constant r, and the 
ED pattern is of the type as shown in Figure 2.7 (c). It must be noticed that some 
surfaces cannot be assigned to the rings. Because only those planes that scatter beams 
constructively interfered will give rise to diffraction, those destructively interfered 
will be absent on the diffraction pattern. For instance, face-centred cubic (fcc) crystals 
diffract only when the miller indices of the plane are unmixed, i.e. all odd or all even. 
Therefore, rings like (100), (110), (210) and (211) will be absent, the sequence of the 
presenting rings must be (111), (200), (220), (311), (222), etc.  
 
2.2.3.2 Instrument and Sample Mounting 
ED patterns were obtained using a JEOL 3010 high resolution transmission electron 
microscope in ED mode after taking the TEM image of the same sample. 
 
2.2.4 Thermogravimetric Analysis (TGA) 
 
2.2.4.1 Introduction 
TGA is the study of weight changes of a specimen as a function of rising temperature 
under a controlled atmosphere. Its principal use is measuring the thermal stability and 
composition of a material. When the metal NPs need to be further functionalized, the 
quantity of ligands existing on unit weight of NPs is required. This value could be 








= ×  (2-06)
where ligandN  is the mean number of moles of ligands on 1 g of NP surface, mligand 
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is the weight of ligands per 100 g of NPs and 'ligandM  is the molecular weight of the 
ligand after capping. 
 
Figure 2.8 shows the scheme of a typical double beam TGA instrument. It is generally 
comprised of a post with the sample and reference cups at the top, and a highly 
sensitive analytical balance fitting its base. The losing/gaining weight of the sample 
causes the position change of a flag in the deflection sensor part. A current which is 
proportional to the weight lost/gain will be given by the feedback control loop to 
generate an inverse force to maintain the flag position. A DC voltage proportional to 
this current is provided for external data acquisition. 
 
2.2.4.2 Instrument 
All the TGA experiments were carried out on a SDT 2960 Simultaneous DTA-TGA 
double beam instrument, which is quite similar to the instrument introduced above, in 
ceramic pan under nitrogen (flow rate: 100 mL/min). The data were collected from 
room temperature to 700 ˚C. 
 
2.2.5 Elemental Analysis 
 
2.2.5.1 Introduction 
Elemental analysis, providing the molar ratio of metal/capping atom, allows 
calculation of the average number of ligands in a NP. This number can also be 
confirmed by TGA. 
 
2.2.5.2 Instrument 
Elemental analyses of the C, H, N, S elements were done on an Elementar vario 
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MICRO cube analyzer. Anions, such as Cl- were analyzed using an ion 
chromatography system consists of a Metrolrm 818 2C pump, a 820 Separation 
Center, a 830 interface and a 833 liquid autosampler. The elements Au, Na+, P and B 
were analyzed using a Perkin Elmer dual-view Optima 5300 DV ICP-OES system. 
The samples of NPs were digested using aqua regia (a mixture of concentrated nitric 
acid and hydrochloric acid in volumetric ratio of 1:3) before analysis. 
 
2.2.6 Ultraviolet-Visible (UV-Vis) Spectroscopy 
 
2.2.6.1 Introduction 
Some metallic NPs absorb UV-Vis light due to the surface plasmon resonance (SPR). 
For instance, spherical Au, Ag and Cu particles with size of ~20 nm show the 
absorption maxima at ~520 nm, 385 nm and 560 nm respectively14. The resonance 
happens when the electromagnetic field of the incoming light interacts with confined 
electron gas on the surface of a metal nanoparticle15, as shown in Figure 2.9. This 
phenomenon appears only when the particle is in a certain size range. The particle 
must be in nanoscale to posses a confined electron gas and big enough to avoid 
reaching typical molecular status.16 Group I and II metals as well as Sc, Y and Ta 
show absorption bands in or near the visible region. All other metals only show broad 
featureless absorptions rising through the visible into the UV region, thus resulting in 
exhibiting a brown or gray-brown color.17 
 
Dilute solutions are usually used for the UV-Vis spectroscopy. The wavelength of the 
absorption maximum depends on the shape, size and surrounding medium of the 
metal NPs. It has been calculated that when the aspect ratio of gold spheroid is ≥ 4, 
the absorption maximum splits into two.18 The splitting also happens when the 
Chapter 2 
 39
interspace of two NPs is smaller than 1 particle size, i.e., the effective size increases. 
Meanwhile, the absorption band shifts to higher wavelength. The SPR band of metal 
NPs is sensitive to changes in the surface composition of the particle and to the 
presence of adsorbates.19 
 
2.2.6.2 Instrument and Sample Mounting 
UV-Vis spectra of samples were recorded on a Shimadzu UV-2450 spectrophotometer 
in the range of 200–800 nm with a slit width of 0.5 nm using quartz cuvettes of 1cm 
optical path length. The solvents were chosen according the solubility of the NPs. The 
solubility of L-cysteine-capped Au NPs was studied in water, while those of 
BINAP-capped Au/Pd NPs were studied in THF. As MUA-capped Au NPs were 
acidified, their solubility was studied in DMF and potassium hydroxide (1.0 mol/L) 
aqueous solution. After coupling BINOL/DABN, their solubility was studied in DMF 
and DCM. 
 
2.2.7 Nuclear Magnetic Resonance (NMR) Spectroscopy 
 
2.2.7.1 Introduction 
NMR spectroscopy is an informative technique to characterize the organometallic 
NPs. The resonant frequency of a metal nucleus in the bulk metal differs from that of 
the metal in the complex. The Knight shift20, which is a consequence of the 
interaction of the metal nucleus with the conduction electrons can be observed in the 
NMR spectra of metal isotopes. The NMR spectroscopy of the capping atoms 
provides information about the interaction between the ligands and the metal core. For 
example, a chemical shift can be observed on the 31P NMR spectrum for the 
phosphonium ligand-capped metal NPs comparing to the free phosphonium ligand. 
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13C NMR and 1H NMR are usually conducted to analyze the structure of adsorbed 
organic molecules on the surface of metal NPs. 
 
2.2.7.2 Instrument 
1H NMR and 31P NMR spectroscopy were operated on a Bruker AFC 300 instument 
(300MHz) at room temperature and ambient pressure in concentrated deuterated 
dichloromethane or chloroform solutions of the samples.  
 
2.2.8 Fourier Transform Infrared (FT-IR) Spectroscopy 
 
2.2.8.1 Introduction 
FT-IR spectroscopy is crucial in this work since before a VCD study, an IR spectrum 
with good quality need to be obtained. It also provides the evidence of the existence 
of the capping ligands on the surface of NPs and structural changes on ligands when a 
two-step functionalization is conducted. 
 
Atoms in a molecule tend to maintain certain distances from each other through the 
interaction between the electrons of the outmost orbits, resulting in the quantized 
vibrational accompanied by rotational (rovibrational) energy levels. These energy 
levels fall in the IR region with wavenumber between 20 and 4000 cm-1. The 
rotational fine structure occurs only for gases. For liquids in which the rotation is 
strongly hindered, one can hardly observe any rotation lines but rather a single 
relatively broad, unstructured band. With the transition into a solid crystalline state 
where the rotation is fully frozen, a definite narrowing of the line half-width again 
occurs. The molecular vibration includes stretching and bending. A stretching is a 
rhythmical movement along the bond axis. A bending consists of a change in bond 
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angle or a relative movement of a group of atoms to the remainder, such as twisting, 
rocking, and torsional vibrations. Only those vibrations that result in a rhythmical 
change in the dipole moment of the molecule are IR-active. 
 
In an infrared experiment, the intensity of the radiation entering the sample (Io) and 
the intensity of the radiation transmitted (I) by the sample is measured as a function of 
light frequency. The plot of % transmittance, which is defined as 100× (I/Io), versus 
frequency (unit cm-1) is the infrared spectrum. 
 
The use of FT-IR has revolutionized the practice of IR spectroscopy. The optical 
layout of an interferometric spectrometer and its main component Michelson 
interferometer is shown in Figure 2.10. After the transmitted beam is focused by M3 
and reflected to the beam splitter (T) by M4, half the beam is transmitted to a moving 
mirror which reflects the beam back to the splitter which then reflects it to a detector 
(D); The other half of the transmitted beam is reflected to the fixed mirror M5 which 
reflects the beam through the beam splitter to the detector. When the moving mirror is 
scanning, the phase difference between these two components changes. Thus an 
interference pattern is registered by the detector. A major advantage of this procedure 
is that all the radiation emitted by the source is monitored continuously. This is in 
contrast to a spectrometer in which a monochromator discards most of the generated 
radiation. As a result, Fourier spectrometers have a higher sensitivity than that of the 
conventional spectrometer. The essential experiment to obtain an FT-IR spectrum is to 
obtain an interferogram with and without a sample in the beam and transforming the 





2.2.8.2 Instrument and Sample Mounting 
In this work, FT-IR spectra were recorded from an Excalibur 3100 FT-IR spectrometer 
(Varian, Inc.) over the spectrum range of 4,000–400 cm-1 with a nominal resolution of 
4 cm-1. The pellet (pressed-disk) technique was used for all the measurements. This 
depends on the fact that a dry, powdered potassium bromide (KBr) can be compacted 
under pressure to form transparent disks. The sample (0.5–1.0 mg) to be analyzed is 
intimately mixed with approximately 100 mg of dry, powdered KBr by grinding in an 
agate mortar. The mixture is pressed in a die at a pressure of 10,000 psi into a 
transparent disk. 
 
2.2.9 Electrospray Ionization-Mass Spectrometry (ESI-MS) 
 
2.2.9.1 Introduction 
The major components of a mass spectrometer usually include an inlet system, an ion 
source, a mass analyzer, a detector and a signal processor. Ionized molecule/fragments 
will have different mass-to-charge ratio and velocity, thus have different path in the 
magnetic field and then give signals in the form of intensity-versus-m/z. The vital step 
of conducting MS is the choice of ionization source. There are many ionization 
methods, such as fast atom bombardment (FAB), electron impact (EI), electrospray 
ionization (ESI), chemical ionization (CI), etc. In this work, ESI was chosen to be the 
ionization source for all the MS measurments. The ESI source operates at atmospheric 
pressure. A Voltage of 3–6 kV is applied to a metal capillary which contains the 
solution of the sample. Large charged droplets are produced by pneumatic 
nebulization at the electrospray capillary tip. The droplet shrinks by solvent 
evaporation and the charge concentration at droplet’s surface increases. At the 
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Rayleigh limit, coulombic repulsion overcomes the droplet’s surface tension and the 
droplet fission occurs. The solvent evaporation and droplet fission repeat until finally 
gas-phase ions forms. The charges of the ions are statistically distributed amongst the 
analyte’s available charge sites, leading to the possible formation of multiply charged 
ions under the correct conditions. To transfer ions from solution is a strong 
endothermic and endoergic process, usually needs energy higher than C–C bond (~85 
kcal/mol), thus it can also cause the fragmentation. However, compare with FAB or 
plasma desorption, in which abundant energy is applied in a highly localized fashion 
over a short time leading not only to ion desolvation but also fragmentation or even 
net ionization, ESI is a much softer technique. 
 
2.2.9.2 Instrument 
ESI-MS was conducted on a Finnigan TSQ 7000 triple stage quadrupole mass 
spectrometer using ESI method at 200–250 ˚C. Data are collected in the m/z range of 
0–1000 Da. 
 
2.2.10 Density Functional Theory (DFT) Calculations 
 
A DFT calculation using Gaussian0321 software were conducted to predict the 
chirooptical activity of the chirally modified metal NPs. The calculation, including 
geometry optimization and the frequencies calculation (IR and VCD) was applied to 
both enantiomers of the free chiral ligands and the NPs protected by them. For the 
Au/Pd atom an effective core potential (ECPs) was used. The computation were 
performed using the B3LYP functional22 and LanL2DZ basis set23 for Au/Pd and a 
6-31++G(d,p)24/6-31G(d,p)25 for all other atoms of deprotonated-Cysteine/BINAP. 
Vibrational frequencies were scaled using single-scale-factor of 0.99 and 0.96 for 
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B3LYP/6-31++G(d,p) and B3LYP/6-31G(d,p) respectively26. IR and VCD spectra 
were constructed from calculated dipole and rotational strengths assuming Lorentzian 






Figure 2.1  Comparison of 3.05 mm copper grid having different number of 












Figure 2.4  Geometry of Bragg-Brentano diffractometer27 with incident beam 
monochromater (M), X-ray tube focus (S), adjustable knife edge to cut off residual 













Figure 2.7  Types of diffraction pattern which arise from different specimen 
microstructures. (a) A single perfect crystal. (b) A small number of grains. (c) A large 









Figure 2.9  Illustration of the interaction visible light and the confined electron gas 
of a metal NP, resulting in a plasmon resonance.16 
 
 
Figure 2.10  Optical system of interferometric spectrometer30. Michelson 
interferometer consists of a beam splitter (T), a fixed mirror (M5) and a moving mirror 
(M6). 
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Cysteine is a chiral bio-molecule, as shown in Figure 3.1. L-cysteine is a natural 
α-amino acid which can be obtained from the hydrolysis of its disulphide precursor 
L-cystine. 
 
The study of cysteine-modified metal surfaces is complicated because with amino- 
and carboxylic- group on cysteine, the nanoparticles (NPs) capped by cysteine would 
have interparticle hydrogen bonds.1 Moreover, the –NH3+, –COO- and –SH may 
interact with the metal surface simultaneously2. To simplify the situation, i.e., 
blocking the interparticle hydrogen bonds and/or excluding the interaction between 
amino-/carboxylic- groups and the metallic surfaces, amino- site protected cysteine 
derivatives were used as the modifiers, such as, N-isobutyryl-L-cysteine (Figure 3.2) 
with its chirooptical activity study using circular dichroism (CD) and vibrational 
circular dichroism (VCD)3 and N-acetyl-L-cysteine with its VCD study4. Some works 
of cysteine/cysteine derivative-modified flat Au surfaces have been published to 
confirm the chirooptical activity of the surface and give their application. Nishino and 
Umezawa reported that according to scanning tunneling microscopy (STM) 
observation, L/D-cysteine derivative modified Au tips had enantioselectivity to 
discriminate enantiomers.5 Matsunaga and coworkers reported that Au(111) electrodes 
with self assembled monolayer of cysteine have enantioselectivity in the redoxation of 
the 3,4-dihydroxyphenylalanine (DOPA)/dopaquinone couple. This is because that 
when DOPA accesses the Au surface, cysteine has less degree of blocking to DOPA 
with opposite chirality6. Dressler and coworkers reported that enantiomerically pure 
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cysteine modified Au(111) can selectively crystallize the histidine7, glutamic acid8 
with opposite chirality. Similar to extended flat metal surfaces, metal NPs can also 
have chirooptical activity9. Thus, enantiopure cysteine/cysteine derivative-capped Au 
NPs may also have potential use in enantioselective catalysis, separation and detection 
of enantiomers. Lim and coworkers synthesized both cysteine (L,D) and 
N-acetyl-L-cysteine-capped Au NPs using citrate reduction followed by ligand 
exchange and reported interparticle chiral recognition via ultraviolet-visible (UV-Vis) 
spectroscopy and X-ray photoelectron spectroscopy.10  
 
Among all the above studies related to the cysteine/cysteine derivative-modified metal 
surfaces, the chirality of which was probed by various techniques, no work has been 
reported on the VCD study of L/D-cysteine-modified Au NPs. Herein we reported the 
synthesis of L-cysteine-capped Au NPs using a single-phase11 method in 
water-methanol mixture. Their chirooptical activity was predicted by VCD 
computation and compared to free cysteine to analyze the conformation change as 
VCD is sensitive to the vibration and conformation of molecules12. 
 
3.2 Results and Discussion 
 
3.2.1 Synthesis Scheme 
 
The single-phase method11 was adopted in the synthesis of L-cysteine-capped Au NPs 
because of three reasons. Firstly, L-cysteine is a water/methanol soluble compound 
which is miscible with HAuCl4 and NaBH4, thus making single-phase synthesis 
possible. Secondly, the single-phase method does not have residual contaminant 
tetraoctylammonium bromide13 (the phase transfer reagent) used in the two-phase14 
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method, therefore making the product purer. Finally, the ligand-exchange method15 
does not give complete replacement15 of the original capping agent while the 
single-phase method11 has an advantage of producing 100% chiral-ligand (i.e., 
L-cysteine)-capped Au NPs. 
 
The principle of the reaction listed below can be verified by the UV-Vis spectrum of 
each synthesis stages (Figure 3.5). The UV-Vis spectrum of HAuCl4 yellow colored 
solution (Figure 3.5A) shows an absorption band at 298 nm which corresponds to the 
d-d transition in the complex precursor, AuCl4¯. When the capping agent L-cysteine is 
added, the solution becomes cloudy due to the formation of a polymer 
I
2 2 n[ Au HSCH CH(NH )COOH]− , as shown in chemical equation 3-01. The polymer 
absorbs UV light at 376 nm (Figure 3.5 B).  
HAuCl4(aq.) + HSCH2CH(NH2)COOH (methanol) 
→ I 2 2 n[ Au HSCH CH(NH )COOH]− (aq., methanol) (3-01) 
 
After the reduction procedure, shown in chemical equation 3-02, and purification, the 
reaction solution exhibits a characteristic purple color which corresponds to the 
surface plasmon resonance (SPR)16. The SPR band is observed at ~530 nm, as shown 
in Figure 3.5C, which is consistent with Marvin’s report17 (SPR band at 528 nm for 
dCORE > 2 nm), provides the evidence of the formation of Au NPs. 
I
2 2 n[ Au HSCH CH(NH )COOH]−  (aq., methanol) +NaBH4 (aq.) → 
x 2 2 yAu [SCH CH(NH )COO Na ]
− +  
(3-02) 
 
3.2.2 Crystal Structure and Particle Size of L-Cysteine-Capped Au NPs 
 
The crystal structure and particle sizes can be obtained from the transmission electron 
microscopy (TEM) images, electron diffraction (ED) patterns and powder X-ray 
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diffraction (XRD) measurements.  
 
Powder XRD measurement of L-cysteine-capped Au-NPs (Figure 3.4A) shows broad 
peaks at 38.24˚, 43.91˚, 64.71˚, 77.52˚ and 81.857˚ of 2θ which correspond to (111), 
(200), (220), (311) and (222) crystal planes of zero-valent face-centered cubic (fcc) 
Au, respectively18. The fcc crystal structure was further confirmed by the selected area 
ED pattern, as shown in Figure 3.3D. The d-spacing values calculated using Equation 
2-04 from scaling the radii of the diffraction rings are listed in Table 3.1. Comparing 
with the literature values, the calculated d-spacing values of 2.34 Å, 2.03 Å, 1.44 Å, 
1.21 Å are in close match with the dhkl of fcc Au, d(111) = 2.350 Å, d(200) = 2.039 Å, 
d(220) = 1.440 Å and d(311) = 1.230 Å. The calculated mean lattice constant of 4.06Å 
matches with the literature value of fcc Au at room temperature of 4.08Å.18 
 
Figures 3.3A and 3.3B present a general view and closeup of the TEM images of 
L-cysteine-capped Au NPs. The TEM images show that the NPs are not very 
monodisperse, some of them are clustered together. The aggregation of amino acid 
derivatized colloidal particles was attributed to the H-bond between the amine and 
carboxylic acid functional groups on the surface of the colloidal particles in Mandal’s 
study. Their report also gave experimental evidence that the aggregation can be 
reversed by heating the particles to break the H-bond or accelerated by adding salts to 
screen the interparticle electrostatic repulsive forces.1 The core size of L-cysteine-Au 
NPs distribution histogram, shown in Figure 3.3C, was obtained from a count of 184 
NPs in the TEM image (Figure 3.3A). The sizes could be directly scaled for the 
spherical monodisperse NPs, while the sizes of those aggregated were estimated by 
circling the shape of the particles on the edges of the clusters and then scaling. The 
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solid curve is a Gaussian fit to the data and yields a mean size of 3.06 nm. The Au 
nanoparticle size was also estimated from the line broadening of the (111), (200) and 
(220) reflections in powder XRD using Scherrer’s equation (Equation 2-03). The full 
width at half maximum (FWHM) was estimated with Lorentzian fitting and the 
instrumental broadening was corrected using a bulk Au foil with thickness of 0.25 mm, 
as shown in Figure 3.4B. Calculated results (Table 3.2) give an average nanoparticle 
size of ~3 nm, which is consistent with that measured from TEM. 
 
From mean size of L-cysteine-Au NPs (~3 nm), which is larger than 1.5 nm, it could 
be predicted that L-cysteine-Au NPs do not possess intrinsic chirality because high 
symmetrical structures dominate bigger nanoparticle cores while low symmetrical 
structures prefer smaller nanoparticle cores (dcore < 1.5 nm).19 In other words, the 
chirooptical activity of the L-cysteine-capped Au NPs is more possible induced by the 
chiral ligand rather than asymmetrically arrangement of the metallic core. The 
prediction is supported by the fcc, a high symmetrical structure of L-cysteine-Au NPs. 
 
3.2.3 Composition of L-Cysteine-Au NPs 
 
The weight percentage of the elements obtained from EA result (C, 2.75%; N, 0.99%; 
S, 2.33%; Au, 52.31%) was converted to the molar ratio of nC : nN : nS : nAu as 
approximately 3 : 1 : 1: 3.65. The CNS ratio is consistent with that in cysteine (nC : 
nN : nS = 3 : 1 : 1). The mean size of the particle is 3.06 nm, thus the average number 
of Au in the particle core, NAu, is estimated to be 882 as calculated by using Equation 
2-01. The average number of capping molecules on each nanoparticle Ncys is 
calculated to be ~242 using Equation 3-03 







=  (3-03) 
 
3.2.4 Vibrational Spectroscopic Character of L-Cysteine-Au NPs 
 
Figure 3.6 shows the FT-IR spectra, recorded from 4000 cm-1 to 400 cm-1, of  
L-cysteine hydrochloride monohydrate (HSCH2CH(COOH)NH3+Cl-·H2O) (Figure 
3.6A), L-cysteine in alkaline form (HSCH2CH(NH2)COO-) (Figure 3.6B) along with  
Au-SCH2CH(NH2)COO- NPs (Figure 3.6C). Table 3.3 lists the observed frequencies 
which are assigned mainly to their characteristic functional group absorptions20. The 
assignment is further confirmed by comparing the observed IR and calculated IR 
frequencies (Figure 3.8A and 3.9A).  
 
The S–H stretching at 2554 cm-1 exists in the uncapped L-cysteine molecules (Figure 
3.6A and Figure 3.6B) but disappears in the L-cysteine-Au NPs (Figure 3.6C). This 
evidence strongly confirms that the cysteine molecule interacts with Au surface 
through a S–Au bond and agrees with the previous study on alkanethiol-capped Au 
NPs21. Whether H on the thiol disappears has been debated.22 The vanishing of the 
S-H stretching band at 2554 cm-1 in the FT-IR spectrum of L-cysteine-Au NPs 
suggests the broken of S-H bond and the disappearing of H on the thiol group. It is 
supported by the thermolysis of the thiolate-stabilized Au NPs which shows only the 
corresponding disulfide product. The absence of thiol in the thermal desorption mass 
spectrometry gave evidence that the chemisorbed ligand consisted of an alkanthiolate 
(not thiol) fragment. 23 
 
Except for the disappearing of S–H stretching band, The FT-IR of the L-cysteine-Au 
NPs exhibits more similarities to that of deprotonated free L-cysteine than that of 
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acidified L-cysteine. In Figure 3.6A, the C=O and C–OH stretches of acidified 
L-cysteine occur at 1743 cm-1 and 1211 cm-1, but the carboxylate stretches of 
L-cysteine-Au NPs ocuur at 1610 cm-1 and 1389cm-1, which matches that of the free 
deprotonated L-cysteine. Furthermore, the FT-IR spectrum of L-cysteine-Au NPs does 
not exhibit any bands of NH3+ asymmetric or symmetric bending. Thus the L-cysteine 
adsorbed on Au NPs should be in deprotonated form. This can be explained by the 
alkaline environment (pH ~10) of the final reaction mixture, which was caused by the 
excess addition of sodium borohydride and its hydrolysis24, as shown below: 
NaBH4 + 4H2O = H3BO3+NaOH+4H2 (3-04) 
Therefore, the L-cysteine molecules on the NPs surfaces are fully deprotonated (pI of 
cysteine = 5.02)25 if there is no further acidification procedure to convert COO-/NH2 
to COOH/NH3+. 
 
3.2.5 Predicted Chirooptical Activity of L/D-Cysteine-Capped Au NPs 
3.2.5.1 Calculation Methodology 
For adsorbed molecules on the NPs, the surface of the metallic core has to be 
considered in the calculation. The L-cysteine-capped Au NPs investigated here 
contain 246–3850 Au atoms (2.0–5.0 nm core diameters according to TEM). The 
entire nanoparticle is too large to be calculated and therefore models have to be used. 
Such an approximation is justified since molecular vibrations are a local property. In 
other words, not only the size of the cluster but also the arrangement of the atoms in 
the metal cluster has minor effect on the calculation. For example, the vibrational 
spectrum of molecules adsorbed on a metal surface can be reproduced very well by 
calculations that consider only one single molecule adsorbed on a small cluster of a 
few atoms.26, 27 In other instance, a Au4 cluster has been used in studying 
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N-blocked-cysteine-capped Au NPs.4 The result of density functional theory (DFT) 
calculations of fixing the confirmation of the Au4 cluster while varying that of 
N-blocked-cysteine or in the converse way show that the structure of the gold cluster 
does not have a large effect on the simulated VCD spectra, while the conformation of 
the adsorbed molecule has larger influence. In the same work4, the chirooptical 
activity is attributed to the geometry distortion of metal surface via two binding sites 
(S–Au, and COO–Au). However, the two binding sites are not necessary according to 
the theoretical modeling results28, because the chirooptical activity of the NPs could 
arise from the electronic state perturbation. As neither the number of metal atoms nor 
the multiple binding sites is a crucial factor, to saving computation time, one Au atom 
was chosen to study the conformation of deprotonated cysteine adsorbed on Au NPs.  
 
IR and VCD of free and capping deprotonated cysteine (L- and D- form) were 
calculated at DFT level and compared to analyze the influence of conformational 
change on their IR absorption frequency and chirooptical activity. 
 
The frequency calculation (IR and VCD) begins with a geometric relaxation of the 
proposed structure as input. The initial structure of free deprotonated L/D-cysteine  
is obtained from the X-ray crystallography data29, shown in Figure 3.10A. The 
adsorbed deprotonated L/D-cysteine was set as shown in Figure 3.10B to allow both 
the carboxylate and the amino group in their nearest position to Au for the 
consideration that they might have contribution to the adsorption2 beside the S–Au 
binding.  
 
3.2.5.2 Chirooptical Activity Prediction 
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The geometric optimization structures of deprotonated L/D-cysteine and deprotonated 
L/D-cysteine-Au are shown in Figure 3.7. The calculated FT-IR spectra of free or 
adsorbed L/D-cysteine were compared with those observed ones, as shown in Figures 
3.8A and 3.9A. VCD spectra of deprotonated L- and D-cysteine in either free or 
adsorbed form were compared in Figures 3.8B and 3.9B. In Table 3.4, the calculated 
frequencies (same for IR and VCD) and their sign  of Δε (absorption coefficient 
difference) are listed. 
 
The calculated IR spectra of deprotonated L- and D-cysteine-Au NPs are identical, as 
shown in Figure 3.8A, while the VCD spectra give a mirror image relationship 
(Figure 3.8B). The above features are also shown by deprotonated free L- and 
D-cysteine (Figure 3.9). This matches the geometric relaxation results that the 
deprotonated L-and D-cysteine, either free or adsorbed on Au, show mirror image 
relationships to the other enantiomer.  
 
In the calculated VCD spectra, both VasCOO- and δN–H invert their sign of Δε  after 
the same enantiomer adsorbed on Au, while all other characteristic peaks show same 
sign of Δε. From the point of view of conformational change, the VCD change of 
VasCOO- suggests that the COO- group has interaction with the Au atom which 
contributes to the adsorption of L-cysteine. According to the geometry optimization 
result, the distance between the Au and the nearest O atom on COO- (2.33 Å) is 
shorter than that of Au–S bond (2.36 Å) which confirms the above presumption. 
While the distance between nitrogen in NH2 and Au (3.34 Å) was out of the binding 
region. Thus the possibility is small that NH2 have interaction with Au. This 
explanation is consistent with Gautier and Burgi’s work 4, 30 which presents that in the 
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N-acetyl-cysteine or N-isobutyryl-cysteine protected Au NPs, the COO- is another 
binding group besides thiol. The COO- binds to Au via one of its O atoms and the 
blocked N points away from the Au. The results presented above show that the chiral 
molecule L-cysteine adsorbed on gold NPs were predicted to exhibit VCD activity. 
The same enantiomer may exhibit different VCD spectra before and after adsorbed on 
metal nanoparticle cores as VCD is sensitive to the conformation of the adsorbed 
molecule. The interaction between the COO- and Au atom is responsible for its 




L-cysteine stabilized Au NPs were prepared in a water-methanol mixture using a 
single-phase method in which sodium borohydride was the reducing agent. The 
L-cysteine molecules adsorbed on the surface of the Au NPs are negatively charged 
because of the alkaline reaction environment. Without further acidification, the NPs 
are dispersible in water and show a SPR band at ~530 nm. TEM, ED and XRD results 
show that the Au core is zero-valent and exhibits fcc structure. The average 
nanoparticle size is ~3 nm, from which the mean number of Au atoms in each particle 
was calculated to be 882. The comparison of both the FT-IR spectra of cysteine before 
and after capping the Au NPs not only confirms the deprotonation of the carboxylate 
group but also shows that these molecules capped the Au surface through a S–Au 
bond. Elemental analysis shows that the molar ratio of cysteine : Au is 1 : 3.65, which 
means there are ~242 L-cysteine molecules on each nanoparticle. The IR and VCD 
spectra were calculated using Gaussian 03 for deprotonated free and adsorbed L- and 
D-cysteine Au. Whereas L- and D-cysteine-Au have identical IR, they show mirror 
image VCD spectra. These computation results show that Au NPs modified by 
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enantiopure cysteine also exhibit chirality. According to VCD calculation results, 
while the characteristic peaks of L-cysteine retain the same sign of Δε after capping 
Au, the νasCOO- band reverses its chiroptical activity which serves as evidence of the 
conformational change and the interaction between COO- and Au after L-cysteine is 
adsorbed on the Au nanoparticle surface. 


























Figure 3.2 (A) N-isobutyryl-L-cysteine and (B) N-acetyl-L-cysteine 
 

























Particle Size (nm)  
 
Figure 3.3 (A) and (B) TEM image of L-cysteine-capped Au NPs; (C) The core 
size distribution histogram; (D) ED pattern of L-cysteine-capped Au NPs. Camera 
length (L) =120 mm Voltage=200 kV. 
 
20 nm 10 nm 
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Figure 3.4  (A) Powder XRD of L-cysteine-capped Au NPs in the scanning range 
of 25–95˚ of 2θ. (B) Powder XRD of 0.25 mm Au foil in the scanning range of in the 
scanning range of 25–70˚. 
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Figure 3.5  UV-Vis spectra of (A) aqueous solution of HAuCl4 aqueous solution 
(B) aqueous solution of Au complex which is partially reduced (C) aqueous solution 
L-cysteine-capped NPs. 
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Figure 3.6 FT-IR spectra of (A) L-cysteine hydrochloride monohydrate (B) 
deprotonated L-cysteine (C) deprotonated L-cysteine-Au NPs. ν=stretching; 
δ=bending; as=asymmetric; s=symmetric. 
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C    Deprotonated L-cysteine-Au D    Deprotonated D-cysteine-Au 
  
 
Figure 3.7 Geometric optimization results of (A)(B) deprotonated L/D-cysteine 
(E)(F) deprotonated L/D-cysteine-capped Au NPs. 
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Figure 3.8  (A) The comparison of FT-IR spectra of calculated and observed 
derpotonated L-cysteine (B) Calculated VCD spectrum of deprotonated L- and 
D-cysteine. ν=stretching; δ=bending; as=asymmetric; s=symmetric 
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Figure 3.9 (A) The comparison of FT-IR spectrum of calculated and observed 
deprotonated L-cysteine-capped Au NPs (B) Calculated VCD spectrum of 
deprotonated L- and D-cysteine-capped Au NPs. ν=stretching; δ=bending; 
as=asymmetric; s=symmetric. 


















Figure 3.10 The initial imputed confirmation of (A) deprotonated free L-cysteine 
(B) deprotonated L-cysteine-Au. 
 





 Radius (cm) Calculated d-spacing (Å) 
Literature 
d-spacing (Å) 
d(111) 1.28 2.34 2.350 
d(200) 1.48 2.03 2.309 
d(220) 2.08 1.44 1.440 
d(311) 2.48 1.21 1.230 
Lattice Constant (Å) --- 4.06 4.08 
 
Table 3.1  Comparison of calculated and literature value of d-spacing and lattice 











d(111) 38.45 3.201 0.25 3.001 
d(200) 44.03 3.274 0.33 3.233 
d(220) 64.84 3.992 0.47 3.167 
Average --- --- --- 3.130 
 
Table 3.2  Expected size of Au-cysteine NPs calculated using Scherrer’s Equation 
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Wavenumber (cm-1) Peak 
assignment Acidified Free L-cysteine 
Deprotonated 
Free L-cysteine L-cysteine-Au NPs
ν (C–H) 
2924, 2852 
(overlap with OH 
band) 
2924, 2852 2924, 2852 
ν (S–H) 2554 2554 --- 
ν (C=O) 1743 --- --- 
δas (NH3+) 1621, 1570 --- --- 
νas (COO-)  
& δ (N–H) --- 1620 
δ (N–H) --- 1585 
1610 
δs (NH3+) 1520 --- --- 
νs (COO-) --- 1404 1389 
ν (C–O) 1211 --- --- 
ν (C–N) 1110 1127 1127 
 
Table 3.3  Vibrational frequencies and mode assignment for acidified free 
L-cysteine, deprotonated free L-cysteine and L-cysteine-capped Au NPs. ν=stretching; 




Deprotonated Cysteine Deprotonated Cysteine-Au NPs 
Sign of Δε Sign of Δε 
Peak 
Assignment Frequency 
(cm-1) L D 
Frequency 
(cm-1) L D 
νas(N–H) 3537 (+) (-) 3515 (+) (-) 




















ν(S–H) 2639 (+) (-) --- --- --- 
νas(COO-) 
& δ(N–H) 1679 (-) (+) 1646 (+) (-) 
δ(N–H) 1582 (+) (-) 1664 (-) (+) 
νs(COO-) 1333 (-) (+) 1348 (-) (+) 
 
Table 3.4 Calculated IR absorption frequency and VCD of deprotonated free 
L/D-cysteine and those adsorbed on Au NPs. ν=stretching; δ=bending; 
as=asymmetric; s=symmetric. 
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In recent years, binaphthalene derivatives, shown in Figure 4.1, have received great 
attention because of their application as chiral modifiers of metallic surfaces. The 
chirality of these molecules originates from the steric hindrance of the –X groups. 
They limit the free rotation of the bond linking the two naphthalene rings. This kind 
of chirality is defined as “Axial Chirality”1. 
 
The use of chiral ligands leads to chirooptical activity located in metal-based electron 
transitions1-3, which can be applied in the field of asymmetric reactions catalyzed by 
binaphthalene derivative-capped metal nanoparticles (NPs). Tamura and Fujihara 
reported the synthesis of 2,2′-bis(diphenylphosphino)-1,1′-binaphthalene 
(BINAP)-capped Pd NPs using a two-phase method4 and its application in catalyzing 
asymmetric hydrosilylation of styrene with trichlorosilane.5 The phase transfer 
reagent was used in the preparation which would affect the purity of the product.6 
Sawai et al. synthesized a series of binaphthalene derivative-modified Pd NPs and 
used them to catalyze Suzuki-Miyaura coupling reactions at room temperature.7 Some 
analytical techniques have been used to probe the chirality of the binaphthalene 
derivative-capped metal surface. Gautier, Burgi and their coworkers synthesized 
1,1'-binaphthyl-2,2'-dithiol (BINAS)-stabilized Au NPs, with a size of 1 nm or 
slightly above, using a two-phase method and their circular dichroism (CD/ECD) 
results, which measure the chirality associated with the metal core3, show that BINAS 
is well-suited to import chirality onto Au NPs8. But, their NPs are so small that the 
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origin of the optical activity may be the asymmetric arrangement of Au atoms in the 
Au core.9 If the ligand shell needs to be probed, vibrational circular dichroism (VCD) 
is a better choice as it is sensitive to molecular vibrations10. Han et al. studied the 
chirality of monodentate-binaphthalene derivative 
1-(2-diphenyphosphino-1-naphthyl)isoquinoline (QUINAP)-modified Cu(111) using 
high resolution scanning tunneling microscopy (HR-STM), which showed that the 
two enantiomers adsorbed on Cu(111) in same (4x4) symmetry but their configuration 
differs.11 Kunitake et al. studied the chirality of 1,1'-binaphthyl-2,2'-dicarboxylic acid 
(BINAC) adlayer on iodine-modified Au(111) in perchloric acid using in situ STM. 
The two enantiomers arranges chirally via intermolecular interaction.12 Till now, no 
work has been done to analyze the chirality of binaphthalene derivative-capped 
metallic NPs using VCD. 
 
In this Chapter, a single-phase synthesis method13, 14 was adopted for the preparation 
as introduced in section 1.2.2. BINAP, 1,1′-binaphthalene-2,2′-diamine (DABN) and  
1,1′-bi(2-naphthol) (BINOL) were commercially available, and chosen to be the 
capping agents of Au/Pd NPs for comparison. 
 
4.2 Results and Discussion 
 
4.2.1 Synthesis Scheme and Results 
Single-phase method13, 14 was adopted in the synthesis of binaphthalene 
derivative-capped Au/Pd NPs because it is possible to make all the reagents miscible 
and it can avoid residual contaminant, tetraoctylammonium bromide6 (the phase 
transfer reagent), and obtain 100% chiral ligands-capped NPs. Following Yee’s 
method14, the syntheses of BINAP/DABN-capped Au/Pd NPs were carried out in 
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tetrahydrofuran (THF) considering that BINAP is not water soluble and DABN will 
undergo oxidative polymerization or oligomerization in the presence of oxidizing 
agents at acidic pH. In this case, if water is involved, DABN will reduce the Au 
precursor directly and polymerize to encapsulate the Au NPs, the resulting size of 
which are larger than 10 nm.15 To avoid acidification of DABN, NaAuCl4 and 
Na2PdCl4 were used as the precursors instead of HAuCl4 and H2PdCl4. LiBH4 which 
is THF soluble was used as the reducing agent instead of NaBH4. The synthesis of 
BINOL-capped Au/Pd NPs was carried out in a water-methanol mixture following 
Brust’s method13. 
 
Among the three binaphthalene derivatives, only BINAP can successfully stabilize the 
Au/Pd NPs. BINAP-Au/Pd NPs are redispersible in THF and their solutions exhibit 
grey brown color. When the metal precursors were reduced in the presence of DABN, 
the particles exhibited brown color in the solution at the beginning but precipitated 
out after a short period of stirring and could not be redissolved in any solvents. When 
BINOL was used as the capping agent, a black precipitate was immediately obtained 
and aggregated under vigorously stirring after reducing agent was added. This 
precipitate was not soluble in any solvent either. These results can be explained by the 
capping ability of the surface modifiers. The amino group on DABN having similar 
chemical properties with that of aniline is a weak nucleophilic group, which causes 
the fail to cap Au. BINOL, which has weaker nucleophilicity than DABN, can neither 
cap the Au nor Pd. These two negative results suggest that some other 
functionalization method have to be used rather than directly using BINOL/DABN to 
cap the metal core. This work will be introduced in next chapter. 
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The principle for the synthesis of BINAP-capped Au/Pd NPs is listed below, and 
verified by ultraviolet-visible (UV-Vis) spectroscopy. Figure 4.5A and 4.5C give the 
UV-Vis spectra of NaAuCl4 and Na2PdCl4 showing the d-d transition of each metal 
precursor, after BINAP was mixed with the Au/Pd precursors and LiBH4 was added, 
gray brown solutions were obtained because of the formation of Au/Pd NPs:  
4 2 nNaAuCl (THF)+BINAP(THF) [-AuCl BINAP] (THF)→  
2 n 4 x y[-AuCl BINAP] (THF)+LiBH  (THF) Au [BINAP] (THF)→  
2 4 2 nNa PdCl (THF)+BINAP(THF) [-PdCl BINAP] (THF)→  
2 n 4 x y[-PdCl BINAP] (THF)+LiBH  (THF) Pd [BINAP] (THF)→  
The UV-Vis spectra of the BINAP-Au (Figure 4.5B) and BINAP-Pd NPs (Figure 
4.5D) show a slight surface plasmon resonance (SPR) band at ~530 nm and 
featureless absorption rising through the UV-Vis region respectively. The gray color 
of BINAP-Au NPs is due to the small particle size (~2 nm scaled from transmission 
electron microscopy (TEM) image) which is at the edge of having SPR. Pd NPs also 
exhibit brown color and no peak could be observed in UV-Vis spectrum because only 
Group I and II metals as well as Sc, Y and Ta show absorption bands in or near the 
visible region, all other metals only show broad featureless absorptions rising through 
the visible into the UV region.16  
 
Besides the UV-Vis spectra, the successful syntheses of BINAP-capped Au and Pd 
NPs were also proved by 31P NMR, FT-IR and ESI-MS.  
 
Figures 4.7, 4.8 and 4.9 show the 31P NMR of the pure BINAP and BINAP-capped Au 
and Pd NPs respectively. The free BINAP shows its 31P NMR peak at -15.5 ppm. 
After it is adsorbed on Au/Pd NPs, the signal shifts significantly to ca. 28.3 ppm 
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(28.332 ppm for BINAP-Au NPs and 28.306 ppm for BINAP-Pd NPs). The 31P NMR 
values of these NPs could be supported by the 31P NMR of Pd(BINAP)2 
(δ=27.4ppm)17 and BINAP(AuCl)2 (δ=25.8)18 since a BINAP-Metal structure on the 
surface of the NPs could be considered as a semi-analog of a BINAP-Metal complex. 
The upfield shift is due to the deshielding effect of the metal applied on P of BINAP 
as the P lone pair electrons can ocuppy the unfilled metal atom orbitals to form a 
coordination bond. The nature of the coordination bond shows that the reducing of 
electron density on P of BINAP caused by this interaction, in the case of either Au or 
Pd NPs, has similar extent. The underlying metal atoms have almost no 
electron-donating/withdrawing effects as they are zero-valented. Therefore, the 
31P-NMR upfield shifts in the case of BINAP-Au and BINAP-Pd NPs have little 
difference. The vanishing of the original peak at -15.5 ppm in the 31P NMR spectra of 
BINAP-Au/Pd suggests that both P atoms of the BINAP interact with the metal core.  
 
Figure 4.6 shows the observed FT-IR spectra of the free BINAP and BINAP-capped 
Au and Pd NPs. The BINAP-capped Au/Pd NPs have the characteristic peaks of the 
free BINAP. These peaks are assigned in Table 4.2, according to the characteristic 
absorptions of functional groups19 assisted by comparing with the calculated IR 
spectra (Figures 4.14A and 4.15A). Both the BINAP-Au and BINAP-Pd NPs show 
the FT-IR characteristic absorption peaks to that of free BINAP, indicating the 
integrity of the BINAP capping molecules. The peak at ~3050 cm-1 is the C–H 
stretching on aromatic rings. Peaks in the region of 1700–600 cm-1 are assigned to 
C=C stretching. The C–H in plane bending occurs in the range of 1550–1060cm-1, 
overlaps with the C=C stretching bands of aromatic rings. Peaks in the range of 900 to 
690 cm-1 are the C–H out of plane bending, also overlaps with C=C stretching bands. 
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There are three sharp strong peaks at ~815, 730 and 696 cm-1 which are attributed to 
the C=C stretches of binaphthalene, binaphthalene+benzene and benzene rings, 
respectively.  
 
ESI-MS spectra of free BINAP and BINAP-capped Au and Pd NPs are shown in 
Figures 4.10, 4.11 and 4.12, respectively. The high operation temperature causes bond 
broking which forms fragments of BINAP or its recombination structure. In all these 
three spectra, {BINAP-PPh2} is observed at m/z = 437.4. Monomers and dimmers of 
BINAP with different adducts, which have been assigned on the spectra, are shown by 
both free BINAP and those capping the metals. This evidence shows the existence of 
BINAP on the surface of the NPs. 
 
4.2.2 Crystal Structure and Particle Size of BINAP-Au/Pd NPs 
From the powder XRD and ED analysis, the synthesized BINAP-Au/Pd NPs possess 
zero-valent fcc Au/Pd crystalline structure. Powder XRD of BINAP-Au NPs (Figure 
4.3A) shows broad peaks at 38.24˚, 43.91˚, 64.71˚, 77.52˚, 81.86˚ of 2θ corresponding 
to (111), (200), (220), (311) and (222) crystal planes of zero-valent fcc Au, 
respectively18. Figure 4.3B shows the powder XRD spectrum of BINAP-Pd NPs. 
Although the signal to noise ratio is not as high as that of BINAP-Au NPs, it still can 
gives five characteristic peaks at 39.76˚, 44.66˚, 67.87˚, 81.51˚ and 86.20˚ of 2θ 
which are assign to the (111), (200), (220), (311) and (222) crystal planes of 
zero-valent fcc Pd crystallites. Figure 4.2C and 4.2G show the ED patterns. The 
diffraction rings are so blur that only two to three rings can be observed. The 
d-spacing values calculated using Equation 2-04 from scaling the radius of each 
diffraction ring, are shown in Table 3.1. The lattice constants of Au and Pd NPs, 
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calculated using Equation (4-01) are 0.40 nm and 0.39 nm, which are consistent with 




= + +  (4-01) 
 
The particle sizes were scaled from TEM images. Figures 4.2A, B, E, F show the 
general view and closeup TEM images of BINAP-Au and BINAP-Pd NPs. The core 
size distribution histograms were obtained from counting 117 and 108 NPs on 
BINAP-Au and BINAP-Pd NPs TEM images respectively. The solid curves which are 
Gaussian fits to the data give the average sizes of NPs as ~2.3 nm and 2.5 nm for 
BINAP-Au and BINAP-Pd NPs respectively.  
 
4.2.3 Composition of BINAP-Au/Pd NPs 
Figure 4.4 shows the TGA curves of pure BINAP and BINAP-capped Au/Pd NPs. The 
weight loss region for pure BINAP is between 300–450 ˚C. However, this region for 
BINAP-capped Au and Pd NPs begin at lower temperatures and end at similar 
temperature as that of the pure BINAP. From the weight loss measurement, the mass 
ratio of mAu : mBINAP and mPd : mBINAP are ~61.6 : 38.4 and ~34.7 : 65.3 respectively, 
which can be converted to mole ratio of ~5:1 and ~ 3:1. 
 
The mean sizes of the BINAP-Au and BINAP-Pd are 2.3 nm and 2.5 nm respectively, 
illustrated above. The average numbers of atoms in their cores, which are calculated 
according to Equation 2-01, are NAu = 376 and NPd = 556 for BINAP-Au and 
BINAP-Pd NPs respectively. According to TGA, the molar ratio of nAu: nBINAP and nPd: 
nBINAP are ~5:1 and ~3:1. The average numbers of BINAP molecules on each 
nanoparticle, NBINAP, are calculated to be 75 and 185 for BINAP-Au NPs and 
BINAP-Pd NPs respectively using Equation 4-02: 







=  (4-02) 
 
where NBINAP is the average number of BINAP molecules on each nanoparticle, 
BINAPn / metaln  is the molar ratio of BINAP to metal and Nmetal is the average number of 
metal atoms in each nanoparticle core. 
 
4.2.4 Predicted Chirooptical Activity of S-/R-BINAP-Capped Au NPs 
4.2.4.1 Calculation Methodology 
One Pd atom was used as the model for Pd NPs as the conformation of the molecule 
adsorbed determine the result of the VCD calculation. The number and arrangement 
of the atoms in the metal cluster has minor effect2, 22-24 on the calculation as discussed 
in section 3.3.5.1.  
 
IR and VCD spectra of free and adsorbed S- and R-BINAP were calculated using 
DFT and compared to analyze the influence of conformational change on their IR 
absorption frequency and chirooptical activity. Before the frequency calculations, 
geometric optimization/relaxation was applied to all structures. While the initial 
structure imputed for free BINAP was obtained from the X-ray crystallography 
results25. The adsorbed BINAP were bond to the Pd via two P atoms simultaneously 
as inferred from the X-ray crystallography results of complex PdCl2{R-(BINAP)}. 
 
4.2.4.2 Chirooptical Activity Prediction 
After geometry relaxation, the S- and R-BINAP, either free or adsorbed, show an 
absolute mirror image relationaship to each other (Figure 4.13). This relationship was 
reflected in their VCD spectra (Figures 4.14B and 4.15B), while the calculated IR 
Chapter 4  
 81
spectra of the enantiomers are identical, as shown in Figures 4.14A and 4.15A.  
 
Comparing the conformation of BINAP before and after adsorption in Figure 4.13, the 
angle of binaphthalene after binding (~78˚) was smaller than that of free molecule 
(~90˚). The two benzene rings on each phosphorous atom rotated nearer to the 
binaphthalene and let the lone pair electrons in the best position to coordinate with Pd. 
The vibrations at 1700–600 cm-1 was chosen to do the comparison of the frequency 
and the sign of Δε (absorption coefficient difference) in VCD. The calculated 
frequencies (same for IR and VCD) and the sign of the Δε are listed in Table 4.4. The 
four characteristic peaks of the C–H in plane bending and C=C stretching on aromatic 
rings at ~1577, 1530, 1488 and 1416 cm-1 and the four characteristic peaks of C–H 
out of plane bending overlapped with C=C stretching bands at 920, 801 733 and 683 
cm-1 on BINAP-Pd exhibit same sign of Δε as that on free BINAP, although the 
frequencies for these peaks have slightly changes. These computation results show 
that metal NPs modified by enantiopure BINAP also exhibit chirality and they 
maintain the same sign of Δε with free BINAP molecule. This result differs from that 
of cysteine-Au and free cysteine, in which the Δε of νas(COO-) peak changes in sign 
upon adsorption. This difference could be explained by the different extent of 
conformational change of the capping agents before and after adsorption. The BINAP 
binds to the Pd NPs only through the two P atoms, as shown in 31P NMR results. The 
binaphthalene group cannot form a plane and be parallel to the Pd to have any 
interaction because of the steric hindrance. The phenyl groups do not have any 
interaction with Pd either, which is similar to the condition in 
BINAP-coordinated-transition-metal complexes26. Thus, the conformation of entire 
BINAP molecule will not be significantly changed due to the 
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binding-caused-distortion. Figure 4.13 shows that after capping the NPs, the 
conformation of BINAP shows similarity to that of the free BINAP except for the 
slightly angle reducing between the two naphthalene rings and a bit rotation of 
benzene ring. The rotation of phenyl and the reducing of the angle of binaphthalene 
only have minor influence on the VCD spectra because of the weak VCD activity of 
their vibrations due to the local character of these modes (mainly
H
C ), which is 
similar to the reason why the rotation of isopropyl group has minor influence on the 
VCD spectra of N-isobutyryl-L-cysteine-capped Au NPs27. However, the 
conformation of cysteine molecule before and after adsorption differs significantly. In 
the free cysteine molecule, as shown in Figures 3.7A and 3.7B, the COO- points away 
from the thiol group. But, after cysteine molecule adsorbed onto Au, not only the H on 
the thiol group is replaced by Au but also the interaction between the COO- and Au 
makes the entire molecule twists significantly (Figures 3.7C and 3.7D) to make the 
COO- get close to the thiolated Au. 
 
4.3 Conclusion 
Using a one-phase synthesis method, BINAP, DABN and BINOL were used as the 
capping agents to synthesize Au/Pd NPs. However, only BINAP can successfully 
stabilize the metal NPs. The problem will be solved in next chapter through an 
indirect functionalization procedure. The BINAP-Au/Pd NPs were dispersible in THF 
but no obvious SPR band can be observed as the mean size of BINAP-Au and 
BINAP-Pd NPs are 2.3 and 2.5 nm. TEM, ED and XRD results showed that the 
Au/Pd cores were zero-valent and exhibit fcc structures. The number of atoms in each 
particle was calculated to be 376 and 556 for Au and Pd respectively. TGA gives the 
molar ratio of nmetal : nBINAP as ~5:1 and ~3:1 for BINAP-Au and BINAP-Pd NPs 
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respectively. The FT-IR and 31P NMR spectra show evidence that the BINAP 
adsorbed on metal surface through the lone pair electrons on P and the integrity of the 
BINAP molecule is retained on the metal NP surface. The IR and VCD spectra were 
calculated using DFT for S-/R-BINAP, free and adsorbed on Pd. The S- and 
R-BINAP-Pd have identical IR spectra, the frequencies of which match those 
observed.  Their VCD spectra predicts that the BINAP-capped metal NPs exhibit 
chirality as they show mirror image relationship to each other and maintain the same 
relative chirality as free BINAP. 







         
 (S) (R) 
Figure 4.1  Binaphthalene derivative: The –X group can be a diphenylphosphino, 





























 X=   Abbreviation 
 –PPh2 BINAP 
 –SH BINAS 
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 –OH BINOL 
 –COOH BINAC 
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Figure 4.2  TEM images of BINAP-Au NPs with (A) magnification of 250 K and 
(B) magnification of 500 K; (C) ED patterns of BINAP-Au NPs; (D) The core size 
distribution histogram of BINAP-Au NPs. TEM images of BINAP-Pd NPs with 
magnification of (E) 250 K and (F) 500 K; and (G) ED patterns of BINAP-Pd NPs; (H) 
The core size distribution histogram of BINAP-Pd NPs. 
E F 
G 
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Figure 4.3  (A) XRD of BINAP-Au NPs in the scanning range of 25–95˚ of 2θ. (B) 
XRD of BINAP-Pd NPs in the scanning range of 25–95˚ of 2θ. 
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Figure 4.4  TGA spectra of (A) pure BINAP (B) BINAP-Au NPs (C) BINAP-Pd 
NPs in the temperature range of room temperature –700 ˚C. 
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Figure 4.5  UV-Vis spectra of (A) NaAuCl4 in THF (B) BINAP-Au in THF (C) 
Na2PdCl4 in THF (D) BINAP-Pd in THF scanned in the range of 250–800 nm in 
quartz cuvette. 
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Figure 4.6 FT-IR spectra of (A) free BINAP (B) BINAP-Au NPs (C) BINAP-Pd 
NPs. ν=stretching; δ=bending; N=naphthalene ring; B=benzene ring; IP=in plane; 
OOP=out of plane. 








Figure 4.8 31P NMR spectra of BINAP-Au NPs. The P signal shift to 28.332 ppm. 
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Figure 4.9 31P NMR spectra of BINAP-Pd NPs. The phosphorous signal shifted to 
28.306 ppm. 
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A           S-BINAP B           R-BINAP 
C          S-BINAP-Pd D          R-BINAP-Pd 
  
 
Figure 4.13 Geometric optimization images of (A)(B) Free S/R-BINAP  (C)(D) 
S/R –BINAP-capped Pd NPs.  
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Figure 4.14  (A) The comparison of FT-IR spectrum of calculated and observed 
free BINAP (B) Calculated VCD spectrum of free S- and R-BINAP. ν=stretching; 
δ=bending; N=naphthalene ring; B=benzene ring; IP=in plane; OOP=out of plane.
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Figure 4.15  (A) The comparison of FT-IR spectrum of calculated and observed 
BINAP-Pd (B) Calculated VCD spectrum of S- and R-BINAP-capped Pd NPs. 
ν=stretching; δ=bending; N=naphthalene ring; B=benzene ring; IP=in plane; 
OOP=out of plane. 












d(111) 268.9 2.388 2.350 
d(200)  --- 2.309 
d(220)  --- 1.440 
d(311) 530.6 1.210 1.230 









d(111) 290.6 2.209 2.246 
d(200)  --- 1.945 
d(220) 455.0 1.411 1.375 
d(311) 546.4 1.175 1.173 
Lattice Constant (Å)  3.90 3.890 
 
Table 4.1  Comparison of calculated and literature value of d-spacing and lattice 
constant of BINAP-Au/Pd NPs. The radii of the diffraction rings scaled by the 
software “Digital Micrograph” (the corresponding λL of which is 321) from the 
digital picture captured. 
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Wavenumber (cm-1) Peak 
assignment Free BINAP BINAP-Au NPs BINAP-Pd NPs 
ν(=C–H) 3050 3050 3050 
ν(C=C) on B 1584,   
ν(C=C) on B+N  1587 1587 
ν(C=C) on N 1551 1552 1553 














δ(=C–H) IP on B  1117 1117 














δ(=C–H) OOP on B 
+ ν(C=C) on N 868 872 872 
δ(=C–H) OOP + ν(C=C) 
on N 818 814 816 








δ(=C–H) OOP + ν(C=C) 
on B 696 696 696 
 
Table 4.2  Observed vibrational frequencies and mode assignment for free 
BINAP, BINAP-Au NPs and BINAP-Pd NPs. ν=stretching; δ=bending; IP =in plane; 
OOP=out of plane; N=naphthalene ring; B=benzene ring. 
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Assignment Freq. (cm-1) R S 
Peak 
Assignment Freq. (cm-1) R S 
ν(C=C) on B 1578 - + ν(C=C) on B+N 1576 - + 
ν(C=C) on N 1534 - + ν(C=C) on N 1528 - + 
δ(=C–H) IP + ν(C=C) 
on N 1487 +- -+
δ(C-H) IP + ν(C=C) 
on N 1488 +- -+
δ(=C–H) IP + ν(C=C) 
on B 1464 + - 
δ(C–H) IP + ν(C=C) 
on B 1461 - + 
δ(=C–H) IP + ν(C=C) 
on B 1416 -+ +-
δ(C–H) IP + ν(C=C) 
on B 1416 -+ +-
δ(=C–H) IP + ν(C=C) 
on N 1333 - + 
δ(C–H) IP + ν(C=C) 
on N 1350 - + 
δ(=C–H) IP + ν(C=C) 
on N 1283 + - 
δ(C–H) IP + ν(C=C) 
on B 1306 - + 
δ(=C–H) IP + ν(C=C) 
on B 1273 - + ν(C=C) on B 1272 - + 
δ(=C–H) IP + ν(C=C) 
on N 1236 -+ +- δ(C–H) IP on N 1235 + - 
δ(=C–H) IP + ν(C=C) 
on N 1201 + - 
δ(C–H) IP + ν(C=C) 
on N 1205 +- -+
δ(=C–H) IP + ν(C=C) 
on N 1168 - + δ(C–H) IP on B 1164 - + 
δ(=C–H) IP + ν(C=C) 
on B 1062 -+ +-








ν(C=C) on B 1014 - + ν(C=C) on N 1013 - + 
ν(C=C) on B 973 - + ν(C=C) on B 973 + - 
ν(C=C) on N 920 - + ν(C=C) on N+ δ(C–H) IP on B 915 - + 
δ(=C–H) OOP + ν(C=C) 
on N 801 + - 
δ(C–H) OOP + ν(C=C) 
on N 801 - + 
δ(=C–H)OOP  
+ ν(C=C) on N+B 732 +- -+
δ(C–H) OOP + ν(C=C) 
on N+B 733 +- -+
δ(=C–H)OOP  







δ(C–H) OOP + ν(C=C) 
on B 683 +- -+
ν(C=C) on N 625 - + ν(C=C) on N 625 - + 
 
Table 4.3  Calculated IR absorption frequency and VCD of deprotonated free 
L-/D- Cysteine and that adsorbed on Au NPs. ν=stretching; δ=bending; IP =in plane; 
OOP=out of plane; N=naphthalene ring; B=benzene ring. 
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Chapter 5 Chiral Functionalization of 11-Mercapto-Undecanoic 




Most chirooptical active metal nanoparticles (NPs) have been prepared by the 
“bottom up” chemical approach. The most commonly used method is the chemical 
reduction of metallic complexes precursors in solution with the presence of chiral 
stabilizers such as thiols, phosphines and amines (DNA and alkaloids). Single-phase 
methods1, 2 were used to prepared chirooptical active NPs, when the metal salt and the 
ligand are both soluble in the same solvent, e.g., water, alcohol, acetic acid, 
tetrahydrofuran (THF), or a mixture thereof. Previously reported work include the 
preparation of D/L-Penicillamine-protected Au NPs in water-methanol mixture3  and 
the synthesis of N-isobutyl-D/L-cysteine-protected Au NPs in methanol and acetic 
acid mixture4. If the metal complexes and the capping agents are not compatible in the 
same solvent, a two-phase (Brust-Schiffrin)5 method offers an alternative by taking 
advantage of a phase transfer reagent, usually tetraoctylammonium bromide (TOABr), 
to transfer metal complexes into the organic phase where the formation of NPs occurs. 
Axial chiral (S)/(R)-1,1’-binaphthyl-2,2’-dithiol (BINAS) stabilized Au NPs prepared 
in the biphasic solvent of water and dichloromethane is such an example6. When the 
functional groups are not compatible with the reducing agent, their chirooptical 
activity needs to be introduced via modification of the ligand shell, such as using 
ligand place-exchange reactions7-9. For example, Nishida et al. reported the chiral 
functionalization of racemic penicillamine (optically inactive) monolayer-protected 
Ag NPs by enantiopure D/L-penicillamine (chiral ligand).10 To date, no work has been 
reported of introducing chiral ligands which lack capping abilities, such as 
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1,1′-bi(2-naphthol) (BINOL) and 1,1′-binaphthalene-2,2′-diamine (DABN), onto the 
metal NPs.  
 
Templeton et al. published two reports about the reactions of ω-functional groups on 
metal NPs. One is the SN2 substitution of ω-bromoalkanethiolated NPs with primary 
amines.11 The other is the amide and ester coupling reactions of alcohols or amines 
(aliphatic or aromatic) with ω-carboxylic acid groups and of carboxylic acids with 
ω-alcohol groups.12, 13 The use of the ester or amide coupling arises from the method 
of synthesizing peptide, reported by McCafferty et al., in which the coupled redox 
component (compound of interest) can be a metal ligand, a chromophore, a 
triplet-energy transmitter, an electron acceptor or donor.14 Generally, the main reagent 
used in the coupling are (benzotriazol-1-yloxy)tris(dimethylamino)-phosphonium 
hexafluorophosphate (BOP) as the catalyst, 4-(dimethylamino)pyridine (DMAP) as 
the assistant catalyst, N-methylmorpholine (NMM) as the base and 
1-hydroxybenzotriazole (HOBt) as the dehydrating agent. HOBt is explosive, which 
can be replaced by BOP15, 16. Following the above work, we reported herein an 
approach of introducing chirooptical activity via coupling the chiral ligands BINOL 
and DABN, which possess aromatic hydroxyl-/amino- groups, onto chirooptical 
inactive ω-carboxylic acid alkanethiolated Au NPs. 
 
5.2 Results and Discussion 
5.2.1 Synthesis Strategy 
BINOL and DABN are both very weak nucleophiles as their structures are similar to 
those of phenol (a Lewis acid pKa ~9.917) and aniline (pKb ~9.418). They cannot 
effectively stabilized the Au NPs, thus single-1, 2, bi-5phasic reactions and ligand 
Chapter 5 
 104
place-exchange reactions (forming poly-homo-7, 8 and poly-hetero-9 functionalized 
NPs) are not suitable for binding them to NPs because all these methods require the 
ligand to possess the capping ability which the aromatic hydroxyl-/amino- groups on 
BINOL/DABN lack. The ω-functional group modification includes SN2 substitution 
of ω-bromoalkanethiolated NPs with primary amines to form NPs capped by 
ω-(RNH)-alkanethiolate ligands11  and esters/amides coupling on 
ω-functionalized-alkanethiolated NPs13. Nucleophilic substitution of 
ω-bromoalkanethiolated NPs requires little steric hindrance of the incoming 
nucleophile,11 however, both BINOL and DABN are bulky due to the bonded 
binaphthalene rings (Figure 4.1). Thus, ester/amide coupling with ω-carboxylic 
acid-alkanethiolated Au NPs was considered to be adopted to introduce chirooptical 
activity of BINOL/DABN.  
 
There are two routes conducting the coupling reaction. The first method involves 
attaching BINOL/DABN to free 11-mercapto-undecanoic acid (MUA), an 
ω-carboxylic acid-alkanethiol, followed by adsorption onto the Au core. However, 
this route would require the protection of the thiol prior to the coupling reactions, then 
extraction or chromatography to remove reactants and side products and finally 
deprotection to obtain the thiol again. The other route which is used here fixes the 
MUA onto the Au core initially (using a single-phase synthesis in a water-methanol 
mixture) which alleviates the problem of protecting and deprotecting of thiol and then 
reacts the BINOL/DABN with the MUA-Au NPs. Moreover, the unreacted reagents 
can be simply removed by washing with acetonitrile which does not dissolve the NPs. 




Among various kinds of ester/amide coupling reactions, not all of them are applicable 
to NPs because (A) the nucleophilicities of aromatic –OH and –NH2 are weaker than 
those of aliphatic ones. Therefore, the ester coupling method via simply mixing 
ω-hydroxylalkanethiolated Au NPs with CF3COOH for two days19 is not suitable 
because two crucial factors in this method are absent in the coupling reactions 
between BINOL/DABN and MUA-Au NPs: one is a strong electron withdrawing 
group attached to the –COOH, such as –CF3 which makes the C=O easy to be 
attached; the other is a strong nucleophilic group, such as the aliphatic –OH. These 
two factors, however, exist in ω-hydroxylalkanethiolated Au NPs and CF3COOH, 
thus facilitate the reaction between them. (B) at low pH and high temperature, S–Au 
bonds tend to decompose. Therefore, either reacting BINOL/DABN with MUA-Au 
NPs directly under refluxing with/without concentrated sulfuric acid or catalyzed by 
thionyl chloride20/oxalyl chloride21 that would emit H2SO4 or HCl are not applicable 
in the coupling of BINOL/DABN to MUA-Au NPs. Thus, the reaction used in this 
work follow that of Templeton et al.13 inspired by the side chain acylation of amino 
acid catalyzed by BOP/HOBt/NMM/DMAP14. Combination of DMAP and BOP as 
the catalyst of alkylation has been reported in the total synthesis of 4-Epi-A83586C.22 
DMAP, stoichiometrical amount of which was added can increase the yield of the 
coupling.  
 
Dimethylformamide (DMF) was chosen to be the solvent of the ester/amide coupling 
as the MUA-Au NPs only possess a high solubility in DMF, which is a 
half-polar-half-apolar solvent. The solubility of MUA-Au NPs differs from the 
previous work reported by Kim and coworkers23 in which the MUA-Au NPs, after 
acidification are soluble in alcohol. This might be caused by the different synthesis 
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methods. In Kim’s work, the synthesis of MUA-Au NPs was conducted in a 
water-toluene biphasic mixture using Brust-Schiffrin method. The residue24 of the 
phase transfer reagent, TOABr would help the MUA-Au NPs to dissolve in some 
organic solvents more easily than that without TOABr contaminants as prepared using 
single-phase method. 
 
5.2.2 Composition of MUA-Au NPs 
The integrity of MUA on Au NPs is proved by elemental analysis, electrospray 
ionization mass spectrometry (ESI-MS) and Fourier-transform infrared (FT-IR) 
spectroscopy. The elemental analysis of MUA-Au NPs (digested in aqua regia) in 
weight percentage is: Carbon, 25.81%; Hydrogen, 4.16%; Sulfur, 6.54%. Converting 
mass ratio into molar ratio, nC : nH : nS is approximately 11 : 23 : 1.1, which matches 
the value in the capping agent MUA ( nC : nH : nS = 11 : 23 : 1). MUA-Au NPs give 
the ESI-MS spectrum, as shown in Figure 5.6. The peak at m/z = 241.5 in the cation 
spectrum could be attributed to the sodium adducts of the capping agent MUA. Figure 
5.7 shows FT-IR spectra of free MUA and MUA-Au NPs. The peaks are assigned in 
Table 5.3. The FT-IR spectrum of solid MUA-Au NPs in Figure 5.7B has the 
characteristic peaks25 of free MUA (Figure 5.7A), including (1) alkyl symmetric and 
asymmetric stretching vibrations between 2800 and 2900 cm-1; (2) the C=O stretching 
vibration on –COOH group at around 1700 cm-1; (3) the O–H stretching vibration, 
which shows a very broad band at around 3000 cm-1; (4) O–H out-of-plane (OOP) 
bending at 935 cm-1. The S–H vibrational band at 2550 cm-1 has disappeared after the 
formation of NPs because S–H is replaced by S–Au.  
 
Figure 5.4 shows the TGA curve of MUA-Au NPs. Before the temperature reaches 
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100 ˚C, there is a slight weight lost due to the evaporation of water in the sample. The 
MUA begins to decompose and converts to gas phase products at 220 ˚C. This process 
occurs over the temperature range of 220–460 ˚C. The weight lost is 41.15% and the 
remaining 58.85% belongs to the Au core. Converting the weight percentage in TGA 
results into molar ratio, nMUA/nAu is ~1/2. The nanoparticle mass corresponding to one 












=   (5-01) 
where 
2 10( )S CH COOH
M  (unit: g/mol) is the molar mass of –S(CH2)10COOH and 
2 10( )
% S CH COOHweight  is the weight percentage of –S(CH2)10COOH in the MUA-Au 
NPs. Then, the quantity of –COOH, COOHn , on the MUA-Au NPs (mnano = 25 mg) 
added in the coupling step, as introduced in section 2.1.4.1, is calculated to be 0.0473 
mmol using equation 5-02. The quantities of the catalysts and reagents used in the 






=  (5-02) 
where mnano is the mass of MUA-Au NPs, nanoM (unit: g/mol) is the nanoparticle mass 
corresponding to one mole of –COOH. 
 
5.2.3 Crystal Structure and Particle Size of MUA-Au NPs Before and After 
Coupling with BINOL/DABN 
 
The face-centered cubic (fcc) structure of the MUA-Au core is proved by electron 
diffraction (ED) and powder X-ray diffraction (XRD). Figure 5.2D shows ED pattern 
of the MUA-Au NPs. The d-spacings calculated from the radii on ED pattern using 
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Equation 2-04, are in close match with the d-spacings of the (111), (200), (220), (311) 
lattice planes of fcc Au, listed in Table 5.1. Powder XRD measurement of MUA-Au 
NPs (Figure 5.3A) shows broad peaks at 38.03˚, 44.03˚, 64.44˚, 77.47˚ and 81.51˚ of 
2θ which could be assigned to (111), (200), (220), (311) and (222) lattice planes of 
zero-valent fcc Au, respectively26.  
 
The particle size is obtained from scaling of the transmission electron microscopy 
(TEM) image or estimating from the line broadening on powder XRD. Figures 
5.2A–5.2C show the TEM images of the MUA-Au NPs. The Gaussian fit to the core 
size distribution histogram (Figure 5.2E), obtained from a count of 231 NPs, yields a 
mean nanoparticle size of 7.06 nm. The nanoparticle size could also be estimated from 
the line broadening of (111), (200) and (220) reflections on XRD using Equation 2-03. 
The full width at half maximum (FWHM) was scaled with Lorentzian fitting and the 
instrumental broadening was corrected using 0.25 mm Au foil (Figure 5.3B). 
Calculated results, shown in Table 5.2 give an average nanoparticle size of ~6 nm 
which is near that measured directly from TEM image.  
 
Figure 5.8 shows the general view and closeup TEM images of BINOL coupled 
MUA-Au NPs (A and B) and DABN coupled MUA-Au NPs (C and D). From the 
TEM images, the particles are still monodispersed. The dimension of the Au core 
remains unchanged, at ~7 nm. This is consistent with the claim that unlike 
place-exchange reactions, the coupling reaction avoids the modification of metallic 
core size in the NPs. 13, 27, 28  
 
5.2.4 Formation of Ester and Amide on MUA-Au NPs 
The success of coupling reactions on the ω-carboxylic acid-functionalized MUA-Au 
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NPs with BINOL/DABN are proved by the change of their solubility, appearance of 
the ester/amide peaks in ESI-MS and 1H nuclear magnetic resonance (NMR) spectra 
and differences in FT-IR absorption compared with that of unreacted MUA-Au NPs. 
 
The dialyzed MUA-Au NPs, after acidification (pH ~3.5), can be redispersed in 
alkaline aqueous solution (Figure 5.5B) or be dissolved in DMF (Figure 5.5C). 
However, after the MUA-Au NPs reacts with BINOL/DABN, they can not only be 
dissolved in DMF but their solubility also becomes higher in dichloromethane (DCM). 
Figure 5.9 shows the ultraviolet-visible (UV-Vis) spectra of BINOL-MUA-Au and 
DABN-MUA-Au NPs in DMF and DCM. BINOL-MUA-Au shows its absorption at 
~560 nm in both DMF and DCM solution while DABN-MUA-Au gives its surface 
plasmon resonance (SPR) band at ~540 nm in both DMF and DCM. The enhanced 
solubility in DCM is evidence of the successful coupling. The ester/amide coupling 
reduces the surfactant polarity of the MUA-Au NPs by attaching binaphthalene rings 
onto them, thus making them soluble in a less polar solvent like DCM. 
 
The proton NMR spectroscopy was used to characterize the ligands on the Au NPs. 
Figures 5.13A and 5.13B show the 1H NMR spectra of BINOL-MUA-Au NPs in 
CD2Cl2 and DABN-MUA-Au NPs in CDCl3. Except for the solvent peaks, these two 
spectra are similar to each other. The characteristic peaks at 1.2 ppm, 2.5 ppm, 2.9 
ppm and two bands between 7–8 ppm are attributed to BINOL/DABN-MUA-Au NPs. 
In Figure 5.13A, peaks at ~1 .2 ppm are from the methylene protons of MUA. The 
peak at ~2.5 ppm is from the proton on –SCH2–, and ~2.9 ppm is from the proton on 
–CH2COO–. There are two bands at 7–8 ppm which can be assigned to the protons on 
the binaphthalene rings. The protons on binaphthalene of pure BINOL molecules 
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should have four sets of peaks with two of them below 7.5 ppm and the other two 
above 7.5 ppm. However, after BINOL couples with Au NPs, the peaks tend to be 
broadened and merge into two bands. The 1H NMR spectrum of DABN-MUA-Au 
NPs is similar to that of BINOL-MUA-Au NPs, shown in Figure 5.13B. The 
appearance of two bands between 7–8 ppm is the evidence of successfully coupling 
these binaphthalene rings onto the Au NPs by the ester/amide formation.  
 
The ESI-MS spectra of BINOL-MUA-Au NPs (Figure 5.10) and DABN-MUA-Au 
NPs (Figure5.11) also confirm the existence of the ester and amide. At the operating 
temperature 200–250 ˚C of ESI-MS, the long carbon chain of MUA and the Au–S 
bond break, thus the peaks of the fragments missing different chain length can be 
found in the spectrum. The as prepared BINOL-MUA-Au NPs in DCM give the 
ESI-MS spectrum shown in Figure 5.10. In the cation spectrum, the peak at m/z = 
709.9 corresponds to the sodium ion adduct of the structure of [ 2 ]BINOL MUA+ , 
shown in Figure 5.12A which gives evidence of the successful esterification. In the 
anion spectrum, the peak at m/z = 285.3 corresponds to [ ]BINOL H +− . Figure 5.11 
shows the ESI-MS spectrum of DABN-MUA-Au NPs in DCM. The peak at m/z = 
638.4 is the proton adduct of the fragment 2[ 2 ] [ ]DABN MUA CH SH+ − , shown in 
Figure 5.12B. The peaks at 596.4, m/z = 553.4, 511.4 are the fragments that lose more 
–(CH2)3– groups. Peak at m/z = 285.5 is the proton adduct of DABN. 
 
FT-IR spectroscopy also demonstrates the success of the ester/amide coupling. 
Figures 5.14 and 5.15 show the FT-IR spectra of free BINOL/DABN, MUA-Au NPs 
and the BINOL/DABN-MUA-Au NPs after the coupling reaction. The peaks are 
assigned in Table 5.4. The appearance of aromatic C–H stretches at 2918 cm-1 and 
Chapter 5 
 111
2849 cm-1 on the FT-IR spectrum of BINOL-MUA-Au NPs suggests that BINOL has 
been introduced into the MUA-Au NPs. It is not introduced in a contaminant form 
because the O–H stretching of free BINOL at 3487 cm-1 and 3404 cm-1 is absent, but 
in a coupled ester form on the MUA-Au NPs since the C=O stretching shifts from 
1707 cm-1 in MUA-Au NPs to 1757 cm-1 and the C–O stretching shifts from 
1300–1200 cm-1 in the spectrum of MUA-Au NPs to 1200–1100 cm-1. Thus, all the 
above evidence demonstrates the successful coupling of BINOL onto MUA-Au NPs 
by the formation of ester. 
 
In the FT-IR spectrum of DABN-MUA-Au NPs, the appearance of the aromatic C–H 
stretching band which also existed in DABN suggests the existence of DABN 
binaphthalene rings in DABN-MUA-Au NPs not in a free contaminant form but in a 
coupled amide form as the C=O stretching shifts from 1707 cm-1 in MUA-Au NPs to 
1636 cm-1 which overlaps with the N–H scissor bending and the C–O stretching at 
1300-1200 cm-1 in the spectrum of MUA-Au NPs is replaced by C–N stretching at 
~1400 cm-1. All these changes proved that the carboxylic acid on MUA has coupled 
with DABN to from an amide. 
 
All the carboxylic acid groups on MUA-Au NPs have reacted because the C=O 
stretching of –COOH at 1707 cm-1 vanishes in the FT-IR spectra of both 
BINOL-MUA-Au NPs and DABN-MUA-Au NPs. The coupling reaction involves 
reaction of both –OH/–NH2 groups as evidenced by the complete disappearance of 
aromatic –OH stretching band of BINOL from the FT-IR spectrum of 
BINOL-MUA-Au NPs and the fact that most of the fragments in ESI-MS are from 




The BINOL/DABN functionalization of MUA-Au NPs was achieved by a two-step 
scheme: synthesizing ω-carboxylic acid-alkanethiolated Au NP using a single-phase 
method followed by coupling BINOL/DABN via forming ester or amide bonds with 
–COOH using BOP/DMAP/NMM. The MUA molecules adsorbed on the surface of 
the Au NPs are negatively charged because of the alkaline reaction environment. Thus 
the particles without acidification are dispersible in water. After acidification, particles 
are only dispersible in DMF. Both of these solutions show their SPR bands at ~535 
nm. TEM, ED and powder XRD results of the MUA-Au NPs show that the Au core is 
zero-valent and exhibits fcc structure. The average NP size is ~7 nm. After coupling 
BINOL/DABN, the particle size remains unchanged. The C=O stretching of both 
BINOL-MUA-Au and DABN-MUA-Au NPs shift in the FT-IR spectra compared to 
that of MUA-Au NPs. ESI-MS gives the evidence of the existence of 
BINOL-MUA-Au and DABN-MUA-Au fragments. The 1H NMR also shows 
binaphthalene ring protons after coupling. All the evidences above show the 
successful coupling of chiral molecules BINOL/DABN on achiral MUA-Au NPs. 
Thus, this method opens an avenue to modifying metallic NPs using chiral compound 
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Figure 5.2  HR-TEM micrographs of (A) MUA-Au NP monolayer prepared by 
simple drop-cast from a dilute DMF solution; and (B)(C) its representative detailed 
section. Electron diffraction (D) shows an fcc Au structure. The histogram (E) shows 
particle size distribution with a peak at 7.06 ± 1.01 nm. 
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Figure 5.3 (A) Powder XRD of MUA capped Au NPs in the scanning range of 
25–95˚ of 2θ. (B) Powder XRD of 0.25 mm Au foil in the scanning range of in the 


























Figure 5.4 TGA of MUA-Au NPs in the range of room temperature –700 ˚C. 
 




















Figure 5.5 UV-Vis spectra of (A) HAuCl4 aqueous solution; (B) MUA-stabilized 




Figure 5.6 ESI-MS cation spectrum of MUA-Au NPs. 
 


























Figure 5.7 Comparison of FT-IR spectra of the (A) pure MUA before capping 










Figure 5.8 (A) TEM image of BINOL-MUA-Au NPs in 200 nm scale; (B) TEM 
image of BINOL-MUA-Au NPs in 10 nm scale; (C) TEM image of DABN-MUA-Au 
NPs in 200 nm scale; (D) TEM image of DABN-MUA-Au NPs in 10 nm scale. 
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Figure 5.9 UV-Vis spectra of (A) BINOL coupled MUA-Au NPs in DMF; (B) 
BINOL coupled MUA-Au NPs in DCM; (C) DABN coupled MUA-Au NPs in DMF; 






























































































































































































































































































































































































































































































































































































































































































































































































Figure 5.13 1H NMR of (A) BINOL-MUA-Au NPs and (B) DABN-MUA-Au NPs 
Chapter 5 
 122
4000 3500 3000 2500 2000 1500 1000 500




























Figure 5.14 FT-IR spectra of (A) Free BINOL; (B) MUA-Au NPs; (C) 
BINOL-MUA-Au NPs. ν=stretching, OOP= out of plane bending 



























Figure 5.15 FT-IR spectra of (A) Free DABN; (B) MUA-Au NPs; (C) 















































































 2R Calculated d (Å) Literature d (Å)
d(111) 267.8 2.395 2.350 
d(200) 315.1 2.040 2.039 
d(220) 457.1 1.406 1.440 
d(311) 543.5 1.181 1.230 
Lattice Constant (Å)  4.032 4.08 
 
Table 5.1 Comparison of calculated and literature value of d-spacing and lattice 
constant of MUA capped Au NPs. The diameter 2R were measured using “Digital 





 2θ (degree) β(exp) (degree) β(ins) (degree) <L> (nm) 
d(111) 38.03 1.851 0.25 5.829 
d(200) 44.03 1.995 0.33 5.716 
d(220) 64.44 2.277 0.47 5.772 
Average    5.772 
 





Wavenumber (cm-1) Mode Free MUA MUA-Au NPs 
ν O-H 3300–2400 3300–2400 
ν C-H 2922,2849 2918,2849 
ν S-H 2556 --- 
ν C=O 1701 1707 
ν C-O 1300-1200 1300-1200 
ΟΗ OOP 930 930 
 
Table 5.3 FT-IR peak assignment of Free MUA and MUA-Au NPs. ν = 












ν O-H   3300-2400 --- --- 
ν O-H(Ar) 3487, 3404   ---  




ν C-H(Ar) 3053 3055  3057 3055 
ν C-H   2918,2849 2918,2849 2918,2849 
ν C=O   1707 1757 1636 
NH scissor  1620   1593 
ν C-O   1300–1200 1200–1100 --- 
ν C-N(amide)     1408 
ΟΗ OOP 
(on COOH)   930 --- --- 
 
Table 5.4 FT-IR peak assignment of Free BINOL, DABN, MUA-Au-NPs and 
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